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A PHYSIOLOGICAL STUDY OF DEVELOPMENT AND 
RIPENING IN THE STRAWBERRY ! 


By Cuarues W. Cutpeprer, physiologist, Joseru S. CALDWELL, senior physiolo- 
gist, and Huspert H. Moon, junior pomologist, Division of Fruit and Vegetable 
Crops and Diseases, Bureau of Plant Industry, United States Department of 
Agriculture ? 


INTRODUCTION 


The work reported in this paper constitutes a comparative study of 
the physiology of development and ripening in a group of varieties of 
strawberries (Fragaria spp.) so selected as to represent the most popu- 
lar and widely grown commercial varieties of the Atlantic seaboard 
States. It was begun in 1925 and was continued for 4 years in con- 
junction with a more extensive study of a larger number of strawberry 
varieties and strains which was being carried on to determine their 
suitability for the fresh market and for canning, preserving, freezing, 
and other methods of preservation. So far as the writers have been 
able to ascertain, no detailed study of the physiology of development 
of the strawberry has hitherto been made. Such reports of chemical 
analyses of the fruit as were found in the literature were concerned 
with the composition of the mature fruit, and these were few, by far 
the larger number of the named varieties in general cultivation appar- 
ently never having been subjected to analysis for any purpose. 

The present work attempts to extend existing knowledge of the 
physiology of the fruit by outlining the nature of the chemical and 
physical changes that take place in it during the course of development 
and ripening. A considerable number of varieties have been em- 
ployed for purposes of comparison. 


REVIEW OF LITERATURE 


Trzeciok (21)° in 1892 reviewed such analytical work on the 
strawberry as had appeared in the European literature up to that 
time, and reported the results of his own determinations of total 
solids, titratable acidity, reducing and total sugars, and ash upon 
material obtained from wild plants growing in the vicinity of Erlan- 
gen, Bavaria. Detailed analyses of the ash of the fruit were made. 
The sugar and the acid content of the freshly expressed juice were 
determined, the juice was subjected to fermentation by yeast, and 
the analysis of the liquid was repeated at intervals during the course 
of the fermentation. Most of the analyses cited by Trzeciok deal 
with the wild European strawberry, Fragaria vesca L., as do those 
assembled by Konig (16, pp. 776-777), and in work dealing with culti- 
vated varieties the varietal names are not given. 

1 Received for publication Aug. 1, 1934; issued June 1935. 
2 The writers desire to express their gratitude to George M. Darrow, senior pomologist, Division of Fruit 
and Vegetable Crops and Diseases, for permission to use the material employed in this study and for many 


courtesies in the course of the work. 

3 Reference is made by number (italic) to Literature Cited, p. 695. 
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A number of earlier American workers have reported the results of 
analyses made primarily for the purpose of comparing the nutritive 
value of the strawberry with that of other fruits. Stone (20) made 
analyses of 20 varieties of ripe strawberries grown at the Tennessee 
Agricultural Experiment Station in 1889, the determinations including 
total solids by drying at 105° C., reducing and total sugars, acidity 
as malic acid, crude fiber, crude protein, ether extract, and nonnitroge- 
nous extract. Shaw (/8) made analyses of 9 varieties grown at the 
Oregon Agricultural Experiment Station in 1898 and 1899, and com- 
pared the averaged results with those reported by Stone and with 
those for European varieties assembled by Konig. Shaw reached the 
conclusion that the European varieties are somewhat higher in sugar 
and acid and in insoluble and total solids than American berries, but 
are lower in protein. The comparison would appear to be essentially 
a comparison of the European Fragaria vesca with the American 
F. virginiana Duchesne, with or without hybridization with other 
species. Weber (23) made determinations of acid and sugar content 
upon 2 varieties, one an unnamed seedling, at the Ohio Agricultural 
Experiment Station in 1887. Of all the varieties named by these 
workers, not more than two or three are now being propagated by 
nurserymen and none is important commercially. 

The only recent work approximating a comparative study of the 
chemistry of a group of varieties is that of Vercier (22), which was 
concerned primarily with the determination of the effect of domesti- 
cation and hybridization in altering size and composition of the fruit. 
Vercier grew 15 cultivated varieties and strains of strawberries under 
identical conditions together with the wild Fragaria vesca and made 
determinations of weight per berry; percentage of dry matter, sugar, 
and acid in the fruit; and yield of juice. As compared with the wild 
species, the cultivated strains were 600 to 1,800 percent higher in 
average weight per berry, but were markedly lower in total solids and 
sugars, and in most cases somewhat lower in titratable acidity. 
Vercier concluded that the trend of selection and breeding had been 
toward increase in size of fruits at the expense of the solids content 
and food value of the fruit. Gimingham (/2) grew 2 varieties of 
strawberries, Epicure and Royal Sovereign, on 5 types of soil, 
continuing the work over 3 years and determining percentages of 
sugar and acid in the fruit. He concluded that each variety has a 
definite standard of composition that is affected in only a very limited 
degree by the character of the soil on which the berry is grown. Royal 
Sovereign was consistently higher in sugar content and lower in titrata- 
ble acidity than Epicure on all soils and in all seasons. In the degree 
of influence exerted upon sugar content, seasonal conditions were 
predominant over all other factors. 

Studies of the effects of cultural treatments or fertilizer applica- 
tions upon growth and productiveness of the strawberry plant are 
rather numerous but rarely include analytical data upon the fruit. 
The work of Shoemaker and Grove (19) presents an exception. These 
authors determined the effects of rather heavy spring applications of 
a nitrogenous fertilizer on the fruit of only one variety, namely, 
Howard 17 (Premier). The fruit from the heavily fertilized plots was 
slightly less firm as determined by resistance to pressure tests, was 
consistently higher in total nitrogen (including nitrates, which were 
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not separately determined), higher in catalase activity, lower in actual 
acidity and in reducing sugar, and generally lower in total sugars than 
that from the check plots. There were no consistent differences in 
moisture content or in ability of the fruit to withstand handling and 
shipment. Kimbrough (/5), working at the Alabama Agricultural 
Experiment Station, found that weather conditions, especially rain- 
fall, had a decidedly greater effect upon the composition of straw- 
berries of the Missionary * variety than did fertilizer treatments. 
He determined the moisture and sugar content of berries from the 
various fertilizer plots at intervals of a few days throughout the bear- 
ing season. The amount of rainfall for 3 to 6 days prior to picking 
determined the composition, as berries from all plots had high mois- 
ture content and low sugar content after rainfall, and the reverse 
condition after a period of no precipitation. In a practically rain- 
less fruiting season, fruit from all plots artificially watered was uni- 
formly softer in texture than that from unwatered plots. Cochran 
and Webster (4) made analyses of berries of the variety Aroma ° at 
the Oklahoma Agricultural Experiment Station from 12 plots that 
had received various fertilizer treatments, but were unable to find 
consistent correlations between composition and firmness or between 
either of these factors and fertilizer treatments. Loree (17) made 
detailed analyses of nitrogen, carbohydrate, and mineral content of 
roots and tops of Dunlap strawberry plants after the application of 
various fertilizer combinations, but confined his analytical work on 
the fruit to determination of moisture content. A number of workers 
have reported results of determinations of the nutritive value of the 
strawberry or of examination of the fruit for the presence or absence 
of some particular constituent, but review of work of this character 
is not pertinent to the present purpose. 


MATERIAL AND METHODS 


The material employed in the study was grown at the United States 
Plant Field Station at Glenn Dale, Md., and formed a part of the va- 
riety collection assembled in connection with the strawberry-breeding 
work conducted by George M. Darrow. The Glenn Dale station is 
located 15 miles northeast of Washington, D.C. The soil formation 
is classified as Collington sandy loam, the particular area occupied by 
the strawberry plantings being a decidedly sandy loam. Rearrange- 
ment of the plantings at the station in 1927 necessitated the transfer 
of the variety collection to another area, but the conditions in the 
new location were not materially different from those in the old. 
The samples taken in 1928 were obtained from this planting. 

Twelve varieties, namely, Missionary, Howard 17 (Premier), 
Klondike, Parsons (Gibson), New York, Dunlap, Sample, Aroma, 
Gandy, Chesapeake, Progressive, and Portia, were employed in the 
study. The first 9 are the most widely grown commercial varieties, 
and together made up more than 80 percent of the commercial acreage 
of the United States at the time the work was begun (8, p. 308). 
Chesapeake is of considerable commercial importance in Maryland 
and adjacent territory, Progressive is one of the most widely grown 
everbearing strawberries, and Portia is a canning variety of relatively 


* Name of variety was supplied by Dr. Kimbrough in a personal communication. 
5 Name of variety supplied by Professor Cochran in a personal communication. 
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restricted cultivation that has shown promise of value. Collectively, 
the group was believed to be as truly representative of the com- 
mercially important strawberries of the country as it is possible for 
material grown at any one location to be. 

The general plan followed in obtaining material for analysis was 
to make collections of fruit at intervals of 5 to 7 days during the period 
of development and ripening. This method of sampling secured from 
each variety in every year two fairly complete series of fruits, one 
developed from the earlier, the other from the later blooms. The 
first collection was generally made as soon after blooms had set as 
sufficient material could be obtained, and usually consisted of berries 
that were just dropping the petals but which differed considerably 
in size. These for the most part had developed from the first flowers 
to open on the plants. Upon arrival at the laboratory, the berries 
were graded into 2 or 3 lots on the basis of size, if the quantity of avail- 
able material and the range in size of fruit permitted such separation. 
It was originally intended to begin the sampling of any variety as 
soon as the plants had set sufficient fruit to yield representative sam- 
ples, but this was found to be impracticable. The list of varieties 
includes early, midseason, and late-blooming, but the actual sequence 
of flowering varied greatly from year to year. _ As the distance from 
the laboratory precluded the making of collections with sufficient 
frequency to secure individual varieties at any desired stage, the 
method adopted was that of beginning sampling as soon as a majority 
of the varieties had set sufficient fruit. Consequently the initial 
samples varied somewhat in size and stage of development from year 
to vear. ' 

The second sampling was usually made approximately a week after 
the first. At that time an attempt was made to collect material repre- 
sentative of all the fruit on the plants, large and small. This material 
was subsequently divided into two or three lots on the basis of size, 
and a similar method was followed at subsequent samplings. In conse- 
quence the smallest fruits collected at the second or third sampling 
more or less closely approximated in size and stage of development 
the largest fruits taken at the first sampling. Similar duplications 
occurred throughout, so that the season’s samples were made up of two 
or three series which succeeded one another in development on the 
plants and collectively constituted a series of cross sections at various 
stages of development of the crop borne by the plants in that year. 
As the fruit became full-grown and ripening set in, the material was 
divided on the basis of color, as green, whitened, reddened, and ripe, 
without reference to size. 

This method of sampling affords no information as to the exact age 
of the fruits making up any particular sample. At the time the plants 
were flowering it was not feasible to tag flowers at opening so that the 
exact age of fruits could be known; consequently it was necessary to 
rely on the size and color of the fruit as a means of grading it roughly 
into lots of approximately equal age. For determining stages of 
maturity only slightly differing one from another it was necessary to 
rely upon the puncture tests. 

The firmness, or resistance of the fruit to puncture, was determined 
as soon as the fruit reached the laboratory. The pressure tester de- 
scribed by Culpepper and Magoon (6) was used, with a needle 0.032 
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inch in diameter and a scale graduated in 5-g intervals. Twenty to 
thirty berries were used in a test, each being “tested at 2 to 4 points, 
midway from stem to tip, at the tip, and near the attachment to the 
stem. The values given in table 1 under the heading “Puncture 
tests’’ are averages of all the res caine obtained from the individual 
tests made upon “the sample. 

The instrument employed for measuring the firmness of the fruit 
was not ideal in every respect. It does not give a measure of the 
age e of the fruit to deformation or flattening as does the pressure 

yr ‘‘squeeze”’ tester developed by Haller, Harding, and Rose (13) sub- 
alle 0 to the completion of this work. It measures only the resist- 
ance of the tissues to penetration by a small needle. As shown later, 
this type of tester gives an index of maturity which is quite depend- 
able, but it does not bring out varietal differences in firmness or 
resistance to crushing in shipping or handling. 

Determinations of hydrion concentration were made, in 1927 and 
1928 only, on a portion of the fresh sample. The berries were finely 
ground in a mortar and the juice was expressed by hand through triple 
layers of muslin. Duplicate or triplicate determinations, agreeing to 
within 0.05 pH, were made by means of the Bailey hydrogen electrode. 
A quinhydrone electrode was employed as a comparison electrode. 
In some cases scarcity of material necessitated the use of a micro- 
electrode (2). In these instances, a number of agreeing determinations 
were always secured. 

Samples for chemical analysis were made in duplicate and were 
preserved by slicing into a tared beaker a sufficient number of berries 
to give the desired weight (50 or 100 g), transferring them to a storage 
container, adding sufficient 95 percent alcohol to make the final con- 
centration 80 to 85 percent, heating to boiling, sealing, and storing in 
the laboratory until the analyses were begun, usually after an interval 
of 6 to8 months. At that time extraction was completed with fresh 
95-percent alcohol in a Soxhlet extractor, the extract made up to 
volume, and aliquots taken for the several determinations, which were 
made according to the official methods of the Association of Official 
Agricultural Chemists (/) 


ANALYTICAL DATA 


The analytical data are presented in table 1. In the examination 
of these data the purpose will be (1) to trace in general outline the 
character of the changes in composition occurring in the fruit in the 
course of its development, regardless of variety or year; and (2) to 
determine the extent to which a variety has definable phn Be 
individuality which persists from season to season despite variations in 
seasonal conditions and other varying factors and which consequently 
characterizes the variety as a chemical and physical entity. The 
data should indicate the extent to which the course of these changes 
may be modified by the environmental conditions prevailing in the 
plots during the development of the fruit, but since detailed records of 
these conditions were not kept, a discussion of this phase of the subject 
is not attempted. 
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GENERAL COURSE OF PHYSIOLOGICAL CHANGES DURING 
DEVELOPMENT 


FIRST SAMPLING 


For reasons already stated, the size and age of the berries making 
up the initial samples varied considerably from variety to variety 
and from year to year. Considered collectively, the initial samples of 
1925 and 1928 were very nearly identical in size and presumably in 
age; those of 1926 and 1927 were distinctly larger. 

In common with a number of fruits of varied types (3), the young 
strawberry shows very definite and consistent chemical and physical 
characteristics. When compared with the later stages, the initial 
samples of all varieties in all years are characterized as a group by the 
possession of maximum resistance to puncture, maximum total solids, 
maximum insoluble solids, and maximum -total astringency. For 
reasons discussed later, the absolute values for all these constituents 
vary considerably from variety to variety and from year to year, but 
without exception the smallest sample of any variety taken in any 
given year had a maximum content of each of these constituents which 
progressively declined through the series of samples subsequently 
taken. Further, the maximum values for total and insoluble solids 
found anywhere in the series were present in the initial samples of 
New York, Portia, and Chesapeake, in 1928, which were taken when 
most of the berries had some of the petals still adhering and which 
were judged to be the youngest as well as the smallest berries obtained 
in the course of the work. 

The total solids of the young fruits are characterized by the pre- 
ponderance therein of insoluble solids, which make up 60 to 70 percent 
of the total, the percentage being maximum in the youngest berries 
obtained (Portia and New York, 1928). 

The soluble solids are quite variable in composition. The outstand- 
ing and constant characteristic is the very large amount of astringent 
material as indicated by the usual method of titration with potassium 
permanganate and calculation in terms of the reducing power of 
chestnut tannin. In all the very young samples, permanganate- 
reducing substances when calculated as tannins make up 30 percent or 
more of the soluble solids, or more than 10 percent of the total solids 
(Aroma, 1925; Chesapeake, 1925, 1928; Dunlap and Gandy, 1925; 
Missionary, 1925, 1926). The nature of this material is problematical 
and its statement in terms of the conventional tannin factor serves for 
convenience in comparison only. That it is actually much smaller in 
amount than these figures indicate is shown by the fact that for the 
youngest stages the sum of total sugars, titratable acids, and astrin- 
gents calculated as tannin exceeds the total sum of soluble solids as 
determined by drying the alcoholic extract. All that can be said at 
present is that the young fruit is characterized by the presence of 
considerable quantities of readily oxidizable substances which are 
most abundant in the very young fruit and which decrease with age. 

The nontannin fraction of the astringent material (portion not pre- 
cipitable by gelatin) varies rather widely both in absolute amount and 
in the proportion it forms of the total astringents, but in every instance 
it is largest in the first sample of a series. Both total and nontannin 
astringency show very large and abrupt decreases with increase in age 
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and size of berries. This behavior they share with a variety of fruits 
of widely different types (3), but no other fruit thus far examined 
appears to compare with the strawberry in the amount of astringent 
material present in the very young fruit. 

The sugar content of the young fruit varies in amount and in the 
proportion of reducing sugars and sucrose entering into its make-up. 
In general, sugars constitute 30 to 40 percent of the soluble solids, but 
in a few cases the percentage is materially higher. Free reducing 
sugars in most cases make up 60 to 90 percent of the total sugar, 
but in a few instances sucrose nearly equals or even exceeds reducing 
sugars. The occurrence of high sucrose content is quite erratic, a 
variety in which it is relatively high in one year having very little at 
a corresponding stage in other years. 

Titratable acidity is in general quite high in the initial samples, 
its absolute amount fluctuating rather widely from year to year in a 
given variety. Active-acidity determinations were made only in 192% 
and 1928; the results indicate that active acidity is at a minimum in 
the youngest fruits obtained and undergoes a pronounced rise during 
subsequent development. Titratable acidity may undergo a similar 
but less pronounced increase or may remain more or less stationary 
throughout the growth of the berry, decreasing slightly in the fully 
ripe fruit. 

The resistance of the fruit to puncture is greatest in the youngest 
fruits and decreases progressively as development proceeds. In 2 or 3 
instances the larger berries taken at the first sampling were slightly 
firmer than the smaller ones, but in general the smallest fruits obtain- 
able were the firmest. 

In summarizing, it may be said that very young fruit, at the time 
the petals are withering and falling or soon thereafter, is characterized 
by maximum firmness as measured by resistance to puncture, maxi- 
mum total solids, maximum insoluble solids, total astringency and 
nontannin astringency, high acidity, and a rather variable but 
relatively low total-sugar content consisting predominantly of free 
reducing sugars with widely varying amounts of sucrose. 


SECOND SAMPLING 


The fruit collected at the second sampling had entered upon the 
phase of rapid enlargement on the percentage basis as indicated 
primarily by increase in volume. The system of grading by size 
herein employed included in any given sample berries differing by 
3 or 4 mm in transverse diameter, the lower limit being the upper 
limit of the preceding sample. No estimates of average volume of 
berry were made, but the second-stage fruits averaged 2 to 3 times 
the volume of the first-stage fruits. 

In some instances the larger berries obtained at the initial sampling 
showed well-defined physical and chemical differences from the 
smaller fruits taken at the same time; in others, such differences 
were less distinct. Without exception the fruit obtained at the 
second sampling, which was made 6 to 10 days after the first, showed 
distinct and consistent changes in practically every constituent 
determined. 
141216—35——2 
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The most pronounced change was a marked decrease in total 
solids, which was accompanied in all cases by a decrease in insoluble 
solids and in nearly all by some reduction in soluble solids. Total 
and nontannin astringents showed a very marked decrease, propor- 
tionally greater than in any other constituent. Total sugars were 
somewhat variable; in the majority of cases they were slightly lower 
than at the initial sampling; in the others they were practically 
stationary or showed a slight increase. In general, those varieties 
which were exceptionally high in sugar at the first sampling showed 
rather pronounced decreases: those which were low at that time 
showed no decrease or an actual gain, with the result that the ratio 
borne by total sugars to soluble solids was less variable at the second 
sampling than at the first. Sucrose in the great majority of cases 
had decreased; in others it remained constant or increased slightly. 
In no case was there any significant increase or any tendency toward 
permanent increase of sucrose. Titratable acidity in nearly all cases 
increased; in the exceptions it was highest in the first sample and 
declined somewhat at the second sampling. In every case in which 
hydrion concentration determinations were made, the active acidity 
had very appreciably increased over that of the first sample. In all 

vases there was a considerable decrease in the resistance of the fruit 


i“ puncture. 
CHANGES UP TO WHITENING STAGE 


To describe in detail the changes that occur from one sampling 
period to the next for the various stages up to the point at which the 
fruits begin to lose their chlorophyll. and become blushed would in- 
volve much repetition. The whole period is one of progressive 
decrease, initially rather rapid in total solids, insoluble solids, and 
astringent material. There is a less pronounced decrease, not 
present in every case, in the soluble solids. Total sugars and titrat- 
able acidity are rather variable in behavior, usually increasing 
slightly but frequently fluctuating irregularly without much net 
change. The explanation of these facts is clear (3). The period is 
one of rapid increase in size, due primarily to diste ntion of the cells 
by absorption of water. The rate of water intake greatly exceeds the 
rate of formation of structural material. In consequence the per- 
centage of insoluble solids and of total solids present in the fruit 
progressively decreases as the process of distention with water con- 
tinues. Meantime, sugars are being transported into the fruit from 
the leaves at a rate which continually fluctuates with changes in the 
rate and amount of photosynthetic activity. Some of the incoming 
sugar is used up in respiration; some is employed in the formation 
of cell walls and structural material; the remainder accumulates as 
sugar. Acids are being produced in the fruit as a result of katabolic 
activities at a rate which fluctuates with changes in the environ- 
mental conditions. Whether sugar content shall show an increase 
in amount from day to day will be determined by the relation between 
rate of formation and transport of sugar, rate of respiration, and rate 
of absorption of water. In a period of deficient moisture supply and 
favorable conditions for photosynthetic activity, the growing fruit 
would show a rise in sugar content; under the opposite conditions a 
decrease would occur. In consequence, the composition of the fruit 
as regards sugar and acid content at any point in the period of rapid 
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growth is determined by the rate at which absorption of water is 
occurring in its relation to the rates of photosynthetic and respiratory 
activity. Because of the progressive accumulation of water the 
growing fruit decreases progressively in total and insoluble solids 
throughout the period of rapid growth. Meanwhile the content of 
sugar and acid fluctuates irregularly by reason of variations in rate 
of production, which at one time lags behind, at another forges ahead 
of the accumulation of water. In spite of irregularities due in part 
to sampling error, there is a clear tendency to an increase in both 
sugar and acid content with increase in size. Resistance to puncture 
decreases steadily throughout the period of rapid growth. 


CHANGES DURING WHITENING STAGE 


The stage of whitening, in which the fruit has practically attained 
full size and is losing its chlorophyll and beginning to develop a blush, 
is definitely characterized by a number of chemical changes. The 
progressive increase in water content which accompanies the period 
of rapid growth practically ceases and water content becomes nearly 
or quite stationary at a een that is maximum for the whole life 
history. Conversely, total solids become stationary at a minimum 
value before beginning to increase somewhat as the fruit ripens. 
Titratable acidity, which as a rule has been increasing up to this 
point, reaches a maximum from which it subsequently declines 
rather rapidly. Active acidity attains a maximum from which it 
subsequently decreases somewhat as ripening proceeds. Soluble 
solids, which have declined somewhat or remained relatively sta- 
tionary up to this point, show the beginning of an increase which 
continues up to ripeness. Total sugars, whic +h have previously made 
slow and irregular gains, increase markedly, and this increase is 
practically wholly in the form of reducing sugar, the amount of 
sucrose present remaining stationary or declining somewhat. The 
total sugars, which during the period of rapid growth make up 50 
percent or less of the soluble solids, now compose 60 to 65 percent 
of the total soluble matter but only 30 to 40 percent of the total 
solids of the berry. Total astringency, which has been decreasing 
rather rapidly up to whitening, enters upon a stage of slow and 
irregular decline, continued decre: ase in ‘‘true tannins” being more 
or less completely balanced by increase in the nontannin fraction. 
Insoluble solids, which have declined quite rapidly up to this point 
but which have hitherto exceeded soluble solids in amount, drop 
below soluble solids and continue to decrease at a slower rate to full 
ripeness. Resistance to puncture ranges between 140 and 100 g, or 
between one-third and one-fourth of that found at the time the petals 
are falling. 

CHANGES DURING RIPENING 


The transition from the whitening stage to full ripeness is accom- 
panied by an increase in total solids, ranging in amount from very 
slight to very considerable, which only very exceptionally fails to 
occur. This increase is due to a rapid increase in total sugars, which 
considerably more than compensates for a simultaneous decrease in 
insoluble solids. While sugars at the whitening stage made up only 60 
to 65 percent of the soluble solids and not more than 40 percent of 
the total solids of the fruit, in the ripe fruit sugars constitute 70 to 
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80 percent of the soluble solids and 50 percent or more of the total 
solids. The percentage of sucrose in the total sugars is highly vari- 
able in the ripe fruit, as is the case throughout development, and its 
occurrence is sporadic, the extremes in the same variety ranging be- 
tween 3 percent and 30 percent of the total sugar present in different 
years. In general, 80 to 90 percent of the sugar of the ripe fruit con- 
sists of reducing sugars. Titratable acidity declines rather rapidly 
from whitening to full ripeness, then becomes stationary or may rise 
slightly in the overripe fruit. Active acidity also declines in varying 
amount. Total astringency declines slowly, increase in the nontan- 
nin fraction partially counterbalancing the continued decrease in tan- 
nin. Resistance to puncture decreases rapidly, the general average 
of 100 to 140 g found in the various varieties at whitening stages be- 
coming reduced to 15 to 30 g at firm ripeness and sinking to 5 to 10 
g in overripe fruit. 

Summarizing the general course of development in the fruit, the 
earliest stages obtainable are characterized by a high total-solids con- 
tent consisting chiefly of insoluble materials, a very high content of 
substances which readily reduce potassium permanganate, variable 
but relatively low sugar content, moderately high titratable acidity, 
and low active acidity. The period of rapid increase in volume is 
one of progressive increase in water content with a resultant decided 
decline in content of total solids, insoluble solids, and total astrin- 
gency. In the earlier stages there is a varying and less pronounced 
decline in soluble solids with which there is generally associated a 
decrease in the total sugars; later, soluble solids become practically 
stationary and sugars may show an increase. ‘Titratable acidity in- 
creases, active acidity shows a very pronounced increase. At the 
whitening stage, as the berry passes over from the phase of rapid 
growth into the ripening processes, water content, titratable acidity, 
and active acidity attain maximum values. The ripening of the 
fruit is attended by a marked increase in total sugars and soluble 
solids; an increase in total solids; and a decrease in total astringency, 
titratable acidity, active acidity, and insoluble solids. The firmness 
of the fruit as measured by resistance to puncture decreases through- 
out the whole period of development and ripening, most rapidly as 
the fruit passes from whitening to ripeness. 


RELATION OF CHANGES IN CHEMICAL CONSTITUENTS TO ONE 
ANOTHER AND TO RESISTANCE TO PUNCTURE 


In the preceding section the changes in chemical composition and 
in the resistance to puncture occurring in the strawberry during devel- 
opment and ripening have been pointed out and discussed. It now 
seems advisable to examine in more detail the nature of the relation- 
ships which exist among these several changes, and also to ascertain 
whether these relationships throw any light upon the behavior of the 
fruit in the course of the various canning and preserving processes. 

It is obvious from the preceding discussion that the physical char- 
acter and chemical composition of the strawberry are functions of its 
stage of maturity. The growth and development of the berry are 
influenced by many factors, some of which may affect one phase of 
its development to one degree and another phase to a different degree, 
or even in a different manner. Among these factors may be men- 
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tioned character and composition of soil, fertilizer applications, weather 
conditions, available soil moisture, prevalence of leaf diseases, close- 
ness of planting, number of berries borne upon the plant, and position 
of the flower cluster on the plant and of the berry in the flower clus- 
ter. It is difficult or impossible to evaluate the effects of these fac- 
tors upon a given lot of material. For this reason a single series of 
samples of field-grown fruit may yield results that leave the general 
relationships between physical and chemical characters in considerable 
doubt. Since there were available in this study 40 series of samples 
made up of 278 separate lots of fruit, the material seemed to offer an 
opportunity to determine more accurately the relationships existing 
among the several constituents of the berry than would be possible 
with a smaller number of samples. 

Study of the data with reference to maturity of this material has 
been considerably handicapped by the fact that the exact age of the 
berries making up any given sample was not known. It was not 
possible to tag the opening flowers, which would have made it possi- 
ble to collect samples of any desired age. The approximate age of 
the fruit was known, however, and it was apparent that its resistance 
to puncture would give a fairly accurate measure of its degree of 
maturity. From a practical standpoint the firmness of the fruit is 
one of its most important characteristics. It therefore seemed desir- 
able to study the relationship between degree of resistance to punc- 
ture and the amounts of the various chemical constituents of the 
fruit. Such a study seemed to be justifiable, for if there is a definite 
relationship between the resistance of the fruit to puncture and the 
amounts of the various chemical constituents present, the making of 
puncture tests would afford an inexpensive, readily obtainable index 
of the composition of the fruit. 

That there is a correlation between the resistance to puncture 
offered by the fruit and its chemical composition is immediately ap- 
parent from an examination of the analytical data. It will be noted 
that the correlation is not perfect, but just how nearly so it may be 
is not obvious from inspection. Moreover it is not clear whether the 
correlation is as high at one stage of development or maturity as at 
another. In other words, the question arises whether the function is 
linear or curvilinear. Further, if the data are not in complete agree- 
ment, a question arises as to the extent of the variations and as to 
the reliability of the average values determining the location of the 
lines or curves representing the relationships. 

It is also obvious from an inspection of the data that some degree of 
correlation exists between the ratio of the insoluble solids to the soluble 
solids and the chemical composition of the fruit. Precisely the same 
questions arise in regard to this relationship as to that between firm- 
ness and composition, with a like impossibility of obtaining definite 
answers by inspection of the data. In order to answer these ques- 
tions as fully as possible, statistical methods were applied to the data, 
and the results are presented as a series of graphs. These present in 
part the relationships between resistance to puncture and certain 
chemical constituents, in part the relationships between the ratio 
of insoluble to soluble solids and these same constituents. 

As the material at hand consisted of samples of 12 varieties of 
strawberry, an attempt was made at the outset to classify the data 
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with respect to variety. Thus there were formed 12 groups of samples 
of widely varying size, which markedly increased the magnitude of 
the standard error of estimate and resulted in the production of 
broken and highly irregular curves. The combination of all the data 
from the 278 samples into one class resulted in the production of 
very much smoother curves, and such a combination has accordingly 
been made. It should therefore be remembered that a part of the 
variation shown in the graphs is to be attributed to varietal differences. 

The method employed in making the calculations is one described 
in detail by Ezekiel (11, pp. 91-97, 111-124), and may be stated 
briefly as follows. The values of the given chemical constituent 
under consideration are regarded as the dependent variable y, and 
are plotted against the ratio of insoluble to soluble solids as the inde- 
pendent variable x. The pairs of values for each of the 278 samples 
were tabulated and then plotted on coordinate paper on a large scale, 
each pair of values being represented by a small circle. The line 
representing the average for all these points was then determined 
freehand, as follows: The values were divided into groups along the 
x axis, and the values of these group averages were each represented 
by a point; these points were connected by a line which was generally 
somewhat irregular. In order to eliminate these irregularities larger 
group averages were made or the groups were combined so as to 
establish intermediate points. Finally, a smooth curve was drawn 
in such a position that the deviations of the points on either side of the 
line appeared to be equal. This line represents the regression of the 
dependent variable upon the independent variable, and gives a com- 
plete picture of most of the facts in regard to the relationship between 
the two variables. The vertical distance of each point from the line 
of regression was read directly from the graph. The value of each of 
these deviations was recorded with its proper sign, and added alge- 
braically to the actual value of the dependent variable to which it 
corresponded. <A set of estimated values was thus obtained. The 
standard deviation of these estimated values, divided by the standard 
deviation of the actual values, gives the coefficient of correlation. 
Since certain corrections have to be made it is necessary to employ 
formulas which take these into account. The symbols and formulas 
and the general method employed are as stated by Ezekiel (//, 
pp. 399-403). The formulas are numbered as in Ezekiel’s list. 

x=independent variable. 

y=dependent variable (actual value). 
y’ =estimated values of the dependent variable. 

z=residual or difference between actual and estimated values 

of the dependent variable. 

M=mean. 

o=standard deviation. 

S=standard error of estimate. 

r=coefficient of correlation. 
index of correlation. 
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The results of the calculations are summarized in table 2: the various 
curves to which they relate are shown in figures 1 to 12. 


Coefficients and indices of correlation and standard errors for the correla- 
tions between resistance to puncture, ratio of insoluble to soluble solids, and various 
chemical constituents of the strawberry during development and ripening 
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RATIO OF INSOLUBLE TO SOLUBLE SOLIDS IN RELATION TO RESISTANCE TO 
PUNCTURE AND THEIR SIGNIFICANCE AS MEASURES OF MATURITY 

Since the exact age of the fruit comprising a sample was not known, 
it was impossible to determine exactly how well the degree of resis- 
tance to puncture measured the degree of maturity, for neither set 
of values could be checked against the age of the sample. As a means 
of checking the results of the puncture test, which is a physical method 
of estimating maturity, it was desirable to employ another and entirely 
different method, chemical in character, for estimating stage of matur- 
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FIGURE 1.—Relationship between ratio of insoluble to soluble solids and resistance to puncture during de- 
velopment of the strawberry. Plotted from table 1. Includes all values for all varieties for four seasons. 
Broken lines indicate position of the group averages; the heavy line is a smoothed curve. The coefficient 
of correlation is 0.917 and the standard error of estimate 0.207. 


ity. An examination of the analytical data in some detail appeared 
to indicate that the ratio of insoluble solids to the soluble solids of 
the fruit is also a good measure of the stage of maturity; it was 
therefore chosen to serve as a check upon the results obtained by the 
use of the puncture test. 

In order to ascertain the degree of relationship between these two 
measures of maturity, values for the ratio of insoluble to soluble 
solids were plotted against values for the puncture test, the line of 
regression being determined as drawn freehand in the manner already 
described. The result is shown in figure 1. It may be pointed out 
that for low values of both ratio and puncture test the fruit was fully 
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ripe; for high values of both measures the fruit was very immature. 
The line of regression is very nearly a straight line, but the data 
seem to justify a slight curve downward of the end of the line as 
extremely high values of the puncture test are reached. This shows 
that, on an average, changes in the values for the ratio of insoluble 
to soluble solids are directly proportional to changes in the resistance 
of the fruit to puncture, except for a small group of very high values. 
It may be noted that the points representing the individual pairs of 
values do not fall exactly upon a line but form a rather narrow band, 
the center of which is a line representing the average of all values. 

From the amount and character of the scatter about the line of 
regression it is evident that in individual cases the change in one of the 
measures employed is not accompanied by a corresponding change in 
the other. This of course means that if estimates of the degree of 
maturity were made for each of the samples in hand by the two 
methods of estimation separately the results in the individual cases 
would differ somewhat. While some part of the scatter, especially 
the widely aberrant values occurring here and there in the graph, are 
undoubtedly due to errors in making the analytical determinations, 
it is believed that environmental conditions may have been such as 
to affect one of these criteria of maturity without affecting the other 
to the same degree. 

The coefficient of correlation was determined and found to be 0.917, 
which indicates a very good agreement between the two measures of 
maturity. The coefficient of determination is 0.84. The standard 
error of estimate (0.207) shows that in 1 out of 3 cases the actual 
values of the ratio of insoluble to soluble solids will fall below or 
exceed the estimated values by as much as 0.207 percent. The 
reliability of the line of regression is not the same throughout its 
length, but decreases when the values are very high; in other words, 
with very young samples of fruit. 


INSOLUBLE SOLIDS IN RELATION TO RESISTANCE TO PUNCTURE 


In figure 2 the values for content. of insoluble solids are plotted 
against the values for the puncture test. The points, with relatively 
few exceptions, fall closely about a locus which appears to be a straight 
line. For low values of the puncture test the content of insoluble 
solids is low; for high values it is high. The correlation is conse- 
quently positive and a coefficient of 0.882 shows a rather high degree 
of correlation. From the coefficient of determination it is seen that 
78 percent of the total variation in the resistance to puncture of the 
berries is accounted for by differences in insoluble solids, leaving 
only 22 percent to be explained by all other causes, including variable 
differences. The standard error of estimate (1.125) indicates that 
on an average two-thirds of the values for insoluble solids will fall 
within the limits of 1.125 percent above or below the line of regression. 
The reliability of the line, however, is not so great where the values 
are high as where they are low, as it evidenced by the increase of 
scatter in the high values (fig. 2). ~ Since high values of the puncture 
test are indicative of immaturity, it is evident that the percentage 
of insoluble solids in the fruit is inversely proportional to the degree 
of maturity of the berry. 
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SOLUBLE SOLIDS IN RELATION TO RESISTANCE TO PUNCTURE 


In figure 3 the percentages of soluble solids in the various samples 
are plotted against the corresponding values of the puncture test 
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FiGURE 2.—Relationship between percentage of insoluble solids and resistance to puncture during the 
development of the strawberry, plotted from the data of table 1 and including all values for all the varieties 
for the 4 years. Broken lines indicate the position of the group averages; the heavy line is a smoothed 
curve. The coefficient of correlation is 0.882 and the standard error of estimate 1.125. 
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FIGURE 3.— Relationship between percentage of soluble solids and resistance to puncture during the devel- 
opment of the strawberry, plotted from data of table 1. The index of correlation is 0.641 and the standard 
error of estimate 0.805. 


The points representing the various samples fall in a broad band 
about a locus which appears to be a pronounced curve, the scatter 
about the mean increasing very materially as low values for the 
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resistance to puncture are reached. The form of the curve is the 
resultant of several chemical changes differing in direction but occur- 
ring concurrently during the development of the fruit. The three 
groups of substances mainly concerned are sugars, acids, and tannins. 
Tannins and acids are high in the immature fruit and decrease with 
advancing maturity; sugars are low in the young fruit and rise rapidly 
as Maturity is reached. The resultant line of regression is a curve 
which indicates a negative correlation where the values of the puncture 
test are low and a positive correlation where the puncture-test values 
are high. In other words, the correlation of soluble solids with punc- 
ture test is positive during the period just subsequent to flowering but 
becomes negative during the ripening period. The index of correla- 
tion of 0.641 is very considerably less than that found for insoluble 
solids. The coefficient of determination shows that 41 percent of the 
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FIGURE 4.—Relationship between percentage of total solids and resistance to puncture during development 


and ripening of the strawberry, plotted from the data of table 1. The coefficient of correlation is 0.754 
and the standard error of estimate 1.455. 


total variation in resistance to puncture may be accounted for by the 
differences in soluble solids, leaving 59 percent to be attributed to 
all other causes. This is a considerably larger percentage of unex- 
plained variation than was the case with the insoluble solids. It is 
due not so much to the greater variation in the soluble solids as to 
a lack of a proportional change in soluble solids with change in resist- 
ance to puncture. The standard error of estimate (0.805) is numeri- 
cally lower for soluble solids than for insoluble solids. 


TOTAL SOLIDS IN RELATION .TO RESISTANCE TO PUNCTURE 


The results obtained when total solids of the fruit were plotted 
against resistance to puncture are presented in figure 4. The points 
are distributed over a broad band and the line of averages forms a 
rather pronounced curve. For puncture tests ranging from 5 to 80g 
there is on an average little change in the percentage of total solids, 
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although the scatter is somewhat wider in this portion of the graph 
than elsewhere. This indicates that there is no correlation for the 
values in this range. For values of the puncture test above 80 g 
the percentage of total solids progressively rises; that is, resistance to 
puncture and percentage of total solids increase together. A change 
of a given magnitude in resistance to puncture is not accompanied by 
the same amount of change in the percentage of solids for all values 
of the puncture test. Despite the lack of correlation over part of the 
range of values, the coefficient of correlation is 0.754. This is a fair 
degree of correlation and the index of determination shows that 57 
percent of the total variation is accounted for, leaving 43 percent as 
due to all other causes. The standard error of estimate (1.455) shows 
that two-thirds of the values lie within limits of 1.455 percent above 
or below the regression line. 
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RATIO OF INSOLUBLE SOLIDS TO SOLUBLE SOLIDS 


FIGURE 5.— Relationship between percentage of total solids and the ratio of insoluble to soluble solids during 
the development and ripening of the strawberry, plotted from the data of table 1. The index of correla- 
tion is 0.884 and the standard error of estimate 1.357. 


The form of the curve is due very largely to changes occurring in 
the developmental period of the fruit. The curve is the resultant of 
the joint effect of concurrent changes in a number of substances, some 
of which are increasing while others are decreasing. 

In view of the large standard error of estimate and the large per- 
centage of the variation left unexplained, it seemed worth while to 
plot total solids against the ratio of insoluble to soluble solids in order 
to ascertain how closely the results would check with the picture of 
relations just given, and this was accordingly done. 


TOTAL SOLIDS IN RELATION TO RATIO OF INSOLUBLE TO SOLUBLE SOLIDS 


Total solids have been plotted against the values for the ratio of 
insoluble to soluble solids in figure 5. For low values of the ratio of 
insoluble to soluble solids the total solids are low; and for high values 
the total solids are also high; that is, for high values of the ratio of 
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insoluble to soluble solids and for high values of the resistance to 
puncture, the fruits are very immature, and for low values they are 
mature. Intermediate values represent intermediate stages of ma- 
turity. The points representing the various pairs of values for total 
solids and the ratio of insoluble to soluble solids are rather sym- 
metrically distributed around a line which is a pronounced curve. In 
general it is quite similar to the puncture-test curve of figure 4, but 
in one respect the two curves are quite different. The curve for 
solids plotted against resistance to puncture was quite flat for values 
of resistance to puncture ranging from 5 to 80 g, that is, in that portion 
of the curve representing the ripening period. In the corresponding 
portion of the curve for solids plotted against the ratio of insoluble to 
soluble solids, the curve first turns sharply downward, indicating a 
negative correlation, then changes direction, becoming nearly flat, 
after which it rises like the curve of figure 4 throughout the remainder 
of its length. Its direction in this latter portion indicates that there 
is a strong positive correlation with the ratio of insoluble to soluble 
solids, as was the case with the like portion of the curve for solids 
plotted against resistance to puncture. The extreme opposite end 
of this curve is negative, while the corresponding portion of the 
curve for solids plotted against resistance to puncture shows no 
correlation during growth and up to the onset of ripening, indicating 
that the berry at this period has its highest moisture content, after 
which solids rise again as the fruit becomes fully ripe. These facts 
are not shown by the curve for solids in relation to resistance to 
puncture. A detailed study of the two curves in connection with 
notes made at the time of picking as to the approximate age, color, 
and size of the fruit leads the writers to the conviction that the curve 
for relationship of total solids to the ratio of insoluble to soluble solids 
gives a truer picture of the changes in total solids during the devel- 
opment and ripening of the fruit than does the curve for relation of 
total solids to resistance to puncture. This conviction is reinforced 
by the fact that the index of correlation (0.884) is higher and the 
standard error of estimate (1.357) lower than for the curve for 
solids plotted against resistance to puncture; also that a considerably 
larger proportion of the variation, 78 percent as against 57 percent, is 
accounted for. All the facts point to the conclusion that while there 
is in general good agreement for the curves, that of figure 5 is more 
reliable than that of figure 4, particularly in that portion represent- 
ing the ripening period of the fruit. 


TOTAL SUGARS IN RELATION TO RESISTANCE TO PUNCTURE 


In figure 6 the percentages of total sugar have been plotted against 
resistance of the fruit to pressure. For low values of the puncture test 
total sugars are high; for high values they are low. The correlation 
between sugars and resistance to puncture is therefore negative. 
The values are distributed about a line which is a pronounced curve 
for part of its length, becoming a horizontal line in its right-hand 
portion. A line of regression of this character shows that a unit 
change in the value of the puncture test is not accompanied by the 
same amount of change in percentage of sugar at all stages throughout 
the development. Such a change in puncture test when the resist- 
ance of the fruit to puncture is low, that is, after the ripening process 
has set in, is accompanied by a much larger change in the percentage 
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of sugar than is the case for high values of the puncture test, that is, 
in immature fruit. An index of correlation of 0.817 shows a fairly 
good correlation, and the index of determination indicates that 67 
percent of the variation is accounted for by differences in the puncture 
test, leaving 33 percent to be explained by all other factors. As the 
varieties show somewhat wider varietal differences in sugar content 
than in other constituents, a portion of this unexplained variation is 
unquestionably due to varietal differenc ‘es, but variations in environ- 
mental conditions and errors of determination also have an influence. 
The standard error of estimate is 0.741 indicating that on an average 
two-thirds of the values lie between the limits 0.741 percent above and 
0.741 percent below the line of regression. The deviation of the 
points from the line becomes somewhat greater during the period of 
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FIGURE 6.— Relationship between percentage of total sugars and resistance to puncture during the develop 


ment and ripening of the strawberry, plotted from the data of table 1. The index of correlation is 0.817 
and the standard error of estimate 0.741. 


ripening, that is, as the values for the puncture test become low. This 
may mean that the puncture test is less reliable as a measure of ma- 
turity as the berries approach full ripeness than when they are still 
quite firm, or it may mean that the berries are more influenced by 
environmental factors at this stage of maturity than at earlier stages. 


TOTAL SUGARS IN RELATION TO RATIO OF INSOLUBLE TO SOLUBLE SOLIDS 


In view of the uncertainties just suggested it seemed advisable to 
plot total sugars against the ratio of insoluble to soluble solids (fig. 7). 
It will be noted that the curve, while in general similar to the curve 
showing relation of total sugars to resistance to puncture, is more 
pronounced. The index of correlation (0.871) is higher and the error 
of estimate (0.584) is lower, indicating that the curve is somewhat 
more reliable than that of figure 5, especially in the period of ripening 
of the fruit. From this it may be inferred that the pressure test 
becomes a somewhat less trustworthy index of stage of maturity as 
the fruit enters the period of ripening than it is in the case of immature 
and growing fruit. 
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TITRATABLE ACIDITY IN RELATION TO RESISTANCE TO PUNCTURE 


Figure 8 presents the results obtained when the percentages of 
titratable acidity of the various samples are plotted against their 
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FIGURE 7.—Relationship between percentage of total sugars and ratio of insoluble to soluble solids during 


the period of development and ripening of the strawberry, plotted from data of table 1. The index of 
correlation is 0.871 and the standard error of estimate 0.584. 
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FIGURE 8.—Relationship between percentage of titratable acidity and resistance to puncture during de- 


velopment and ripening of the strawberry, plotted from data of table 1. The index of correlation is 0.494, 
and the standard error of estimate 0.223. 


resistance to puncture. It is obvious that the titratable acidity to a 
considerable degree varies independently of the resistance to punc- 
ture. For low values of the puncture test the acidity is generally 
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low; for high values it is higher. The curve first rises sharply with 
increase in resistance to puncture in the region between 5 and 80 ¢, 
then becomes nearly horizontal, finally rising again with values of the 
puncture test ranging from 350 to 450 g. While the final upward 
turn of the curve follows the group averages very closely, its form must 
be regarded as somewhat questionable in view of the wide scatter 
which is apparent. If the final upward portion of the curve be 
omitted as questionable, it is evident from the form of the curve that 
there is a good positive correlation between resistance to puncture 
and titratable acidity throughout the ripening period, with very little 
or no correlation throughout the period beginning a few days after 
blooming and extending up to the onset of ripening. 
The index of correlation is 0.494, which is quitelow. The coefficient 

of determination indicates that 24.5 percent of the total variation in 
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RATIO OF INSOLUBLE SOLIDS TO SOLUBLE SOLIDS 
FicureE 9.—Relationship between percentage of titratable acidity and ratio of insoluble to soluble solids 
during the development and ripening of the strawberry, plotted from data of table 1. The index of 
correlation is 0.547 and the standard error of estimate 0.204. 


acidity is accounted for by variation in resistance to puncture, leav- 
ing 74.5 percent to be attributed to other causes. The standard 
error of estimate (0.223) indicates that one-third of all the values fall 
outside the limits of 0.223 percent above or below the line of regression. 
In terms of the total acidity of the fruit, this is a very considerable 
variation. 


TITRATABLE ACIDITY IN RELATION TO RATIO OF INSOLUBLE TO SOLUBLE SOLIDS 


Because of the low correlation between titratable acidity and re- 
sistance to puncture, the correlation between titratable acidity and the 
ratio of insoluble to soluble solids was determined. The results are 
presented in figure 9. 

Throughout most of its extent the curve is similar to that of figure 8 
for titratable acidity in relation to resistance to puncture. The chief 
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difference is in that portion of the curve derived from the very young 
fruits, which shows no such upward turn as does the curve for acidity 
in relation to resistance to puncture. The form of the curve indicates 
no correlation in the case of fruits that are immature, with a fairly 
good correlation in the case of fruits that have entered upon the 
ripening period. The index of correlation is 0.547, as compared with 
0.494 for the acidity-puncture curve, and the standard error of 
estimate (0.204) is somewhat lower than for that curve. While 
both curves indicate little or no correlation for the period prior to the 
onset of ripening, both indicate a good positive correlation for the 
ripening period, the values for acidity in relation to ratio of insoluble 
to soluble solids indicating that this curve is somewhat more reliable 
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FIGURE 10.—Relationship between percentage of total astringency and resistance to puncture during de- 


velopment and ripening in the strawberry, plotted from data of table 1. The index of correlation is 0.926 
and the standard error of estimate 0.459. 


than the curve showing the relationship of acidity to resistance to 
puncture. 


TOTAL ASTRINGENCY IN RELATION TO RESISTANCE TO PUNCTURE 


Figure 10 presents the results when total astringency is plotted 
against resistance to puncture. The points fall rather closely about 
a locus which appears to be a very striking curve. The form of the 
curve shows that the regression of total astringency on resistance to 
puncture is constantly changing throughout the development and 
ripening of the fruit. For low values of the total astringency the 
resistance to puncture is low; for high values of total astringency the 
resistance to puncture is high; and there is a very good positive corre- 
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lation throughout the entire range of values. The index of correla- 
tion is 0.926. The index of determination shows that 86 percent of 
the total variation in astringency may be accounted for by the varia- 
tion in resistance to puncture. ‘The standard error of estimate (0.459) 
indicates that only one-third of the values will fall more than 0.459 
percent above or below the indicated line of regression. The line is 
not equally reliable throughout its length, however. It is much more 
trustworthy in the period of later development and ripening than in 
the period of early development, as is evidenced by the progressive 
increase in scatter of the plotted values as the values of the puncture 
test increase. The reason for this is not clear. It may be due in 
considerable part to the fact that the method of determination of total 
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FIGURE 11.—Relationship between percentage of total astringency and ratio of insoluble to soluble solids 
during development and ripening in the strawberry, plotted from data of table 1. The index of correla 
tion is 0.710 and the standard error of estimate 0.685. The portion of the curve represented by a broken 
line is questionable because of the relatively small number of samples employed in its determination 


astringency determines a number of related substances that differ in 
their reducing power for potassium permanganate and that vary 
independently in amount as the development of the fruit proceeds, 
which is known to be the case. In part it may be attributed to sam- 
pling error and to any or all of the factors already mentioned. 


TOTAL ASTRINGENCY IN RELATION TO RATIO OF INSOLUBLE TO SOLUBLE SOLIDS 


For comparison with the last curve, the total astringency was 
plotted against the ratio of insoluble to soluble solids. The results 
are presented in figure 11. 
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The form of the curve is very similar to that of the astringency- 
puncture curve insofar as that portion derived from the later period 
of development and ripening is concerned. In the case of very imma- 
ture fruits the number of fruits is small, the scatter of individual fruits 
is very great, and the line joining group averages is consequently 
excessively irregular. This may be taken to indicate that the ratio 
of insoluble to soluble solids as a measure of maturity is not as reliable 
for very immature fruits as for fruits approaching maturity. There 
is therefore some question as to whether the form of this portion of 
the curve, as determined from the number of samples in hand, is what 
it would be had a larger number of fruits been used. The portion of 
the smoothed curve which is regarded as questionable is represented 
on the graph (fig. 11) as a broken line. In the ripening period it is 
about as good an index of maturity as the puncture test. For the 
line as a whole the index of correlation is 0.710 and the standard error 
of estimate is 0.685, with a coefficient of determination of 0.504. 
These values indicate that the puncture test has considerably greater 
reliability as a measure of the astringency content than has the ratio 
of insoluble to soluble solids. The general similarity of the two curves 
makes the general course of the changes in total astringency fairly 
clear. 

RELATIONSHIP BETWEEN SUGAR CONTENT AND ACID CONTENT 


Since the relationship between percentage of acid and percentage 
of sugar present is a very important factor in determining the patata- 
bility of the fruit, it seemed advisable to determine the general rela- 
tionship between the two constituents in this assemblage of material. 
In figure 12 the percentage of total titratable acidity is plotted against 
percentage of total sugars. The scatter of the individual points is 
very wide, indicating that variations in acid content to a very large 
extent are independent of the percentage of sugar present. There is 
a general tendency for titratable acidity to be low when sugars are 
high, that is, in berries at or nearing maturity, and for acidity to be 
high when sugars are low, that is in immature or young fruit. The 
line which represents this relationship is very nearly straight for most 
of its length, indicating absence of correlation, but rises somewhat in 
the portion representing very young samples to indicate a low negative 
correlation. The absence of any pronounced correlation must mean 
that some factor not accounted for affects one of the constituents 
without affecting the other. The fact that environmental conditions, 
which control the rate of accumulation of sugar through controlling 
the opportunities for photosynthesis, do not have any comparable 
controlling effect upon the rate of formation or destruction of acids 
suggests itself as an explanation of the form of the curve. 


DISCUSSION OF GRAPHS 


Despite the fact that the curves presented in figures 1 to 12 are not 
rate curves with respect to time, -they tend to confirm the general 
conclusions with respect to the chronological sequence of events in 
the development of the berry which were stated in the preceding 
section. The mathematical treatment substantially reinforces most 
of the statements there made while at the same time it emphasizes 
the high degree of variability encountered in a large number of samples 
of different varieties taken over a period of years. 
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The question as to which of the two methods of measuring stage of 
maturity that have been applied to the material is the more reliable 
cannot be answered definitely, since the exact age of the samples was 
not known. A fairly conclusive answer to the question can be derived 
from a comparative study of the results of application of the two 
methods to the data. In all cases in which this has been done, with 
one exception, the ratio of insoluble to soluble solids appears to be 
the more reliable of the two. This method, which may be termed a 
chemical measure of maturity, is least satisfactory when applied to 
very immature fruits. The resistance of the fruit to puncture, which 
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FIGURE 12.—Relationship between percentage of titratable acidity and percentage of total sugars during 
development and ripening of the strawberry, plotted from data of table 1. The coefficient of correlation 
is 0.290 and the standard error of estimate 0.247 


is a physical measure of maturity, is very satisfactory for immature 
fruits, but becomes less reliable as the fruit enters upon the period of 
ripening. This is true for the particular puncture tester here used; 
it is, of course, not known what the results would be with other types 
of testers. 

A probable explanation of the failure of agreement between the two 
measures of maturity in the ripening stage is that environmental 
conditions at this stage in the life of the fruit exert a considerably 
greater influence upon the firmness of the berries than upon the 
relation between insoluble and soluble solids. 
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PHYSIOLOGICAL CHARACTERISTICS OF INDIVIDUAL VARIETIES 


By comparative study of the ripe samples of the several varieties it 
should be possible to ascertain the degree to which any given variety 
possesses a definite chemical individuality. 

Such a comparison is difficult for the reason that the composition of 
the ripe fruit of a variety varies considerably from year to year and also 
from beginning to end of a single crop season, in response to changes 
in climatic conditions, load of fruit upon the plants, and other varying 
factors. Since measurements of these factors which would permit 
any accurate evaluation of their effects could not be made in con- 
nection with this study, it can only be assumed that all the varieties 
were influenced thereby in the same direction and to the same degree 
and that the averaging together of all the ripe samples of a given vari- 
ety should give mean values for that variety which are fairly compar- 
able with those obtained in like manner for other varieties. Such 
average values have been computed and are presented in table 3. 
The results present a chemical definition or description of each of the 
varieties in terms of its content of eight constituents 

In order to facilitate comparison of one variety with another, some 
standard of comparison is desirable. Such a standard, or norm, of 
entirely arbitrary character has been obtained by averaging together 
all the data for the ripe samples of all varieties. This treatment per- 
mits comparison of any given variety with respect to any given con- 
stituent with any other variety or with the average for all the varieties. 
It does not give any clear concept of the variety as a chemical entity 
nor does it permit satisfactory comparison of varieties as chemical 
individuals with one another. In order to make such comparisons 
it is necessary to treat the data of table 3 in such a manner that the 
several varieties are presented as entities. Such a method of treat- 
ment has been adopted in figures 13 and 14, in which the chemical 
composition of each of the varieties is represented by a line. The 
scales upon which the various constituents are plotted were so chosen 
that the mean values obtained by averaging all varieties fall in a 
horizontal line across the graph. The composition of each variety 
was then plotted, and the points on the several scales connected by a 
line which rises above or falls below the line of general average accord- 
ing as the content of a particular constituent is greater or less than 
the general average. 


TABLE 3.—Average composition of all ripe samples of each of 12 strawberry varielies 
g I \ I / . y y 


Titrata- Total 


Variety . —_ — Sugars eee ble acid-| astrin- | Tannin —- 

4 i ity gency 
Percent Percent Percent Percent Percent Percent Percent | Percent 
Aroma 9.77 6. 48 4.63 3. 29 0. 593 0. 365 0. 217 0. 148 
Chesapeake - 10. 93 7.61 5. 88 3. 33 . 745 . 303 . 162 . 141 
Dunlap--- 10. 11 6. 33 4. 27 3.79 . 736 . 321 | . 183 . 138 
Gandy 11. 97 8. 35 6. 34 3. 62 972 . 384 | 210 174 
Howard 17 9. 95 6. 96 ». O4 3. 00 . 780 289 .177 -112 
Klondike-___-_- 10. 63 7. 37 4. 99 3. 26 . 969 . 378 . 238 . 140 
Missionary... 10. 89 7. 33 5. 26 3. 56 | . 772 | . 389 | 217 172 
New York._- 11. 66 8. 46 6. 53 3.19 . 656 . 275 | .114 | . 161 
Parsons | 9. 29 6. 16 4.49 3.13 - 689 | . 354 | . 203 151 
Portia_- 9. 08 5. 96 4. 35 3.12 . 586 | . 280 . 138 . 142 
Progressive ae 9.73 6. 32 4. 68 3. 41 . 628 - 272 . 152 . 120 
Sample... = 9. 38 6, 27 4.55 3.11 613 | . 362 | 195 | . 167 
Average 10. 16 6.87 5.00 3.29 | .28)] ite 141 
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As a further means of comparing varieties with one another, the 
ratios between certain constituents, namely, between acid and astrin- 
gency, acid and sugar, acid and total solids, astringency and totzl 
solids, and total solids and sugar, have been calculated for each of 
the varieties and also for the average of all varieties. These ratios, 
which are based upon the data of table 3, are brought together in 
table 4. The mean ratios for all samples form a second standard of 
reference for facilitating comparisons between varieties. 
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ACIDITY ASTRINGENCY 
FIGURE 13.— Mean values for total solids, soluble solids, insoluble solids, sugars, titratable acidity, total 
astringency, tannin astringency, and nontannin astringency in ripe samples of the Gandy, Chesapeake, 
Klondike, Parsons, Progressive, and Portia varieties, plotted against mean values for the same constit 
uents in all ripe samples of all varieties. 


At the same time that the individual characteristics of the several 
varieties are discussed an attempt will be made to combine the varie- 
ties into groups on the basis of similarity of composition. The basis 
of such grouping is not likeness in absolute amounts of the various 
constituents, as solids or sugar, in the varieties concerned, but similar- 
ity in the relationships existing between the several constituents of 
the fruit as indicated by the ratios of table 4. Employment of these 
ratios permits comparison without reference to the absolute amounts 
of the substances concerned. 
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FiGURE 14.—Mean values for total solids, soluble solids, insoluble solids, sugars, titratable acidity, total 
astringency, tannin astringency, and nontannin astringency in ripe samples of the New York, Missionary, 
Dunlap, Howard 17 (Premier), Sample, and Aroma varieties, plotted against mean values for the same 
constituents in all ripe samples of all varieties 


TaBLE 4.—Ratios between various constituents of ripe fruit, derived from dataof 





table 3 

Total Total . _ 

Astrin- : Total solids to | Sugar to Total solids to Soluble 

Variety gent sub-| Sugar to | solids to | astrin- total | solids to | nontan- | Solids to 

’ stances acid ; : ; insoluble 

te ania acid j|gentsub-| solids tannin | nin sub- solids 

‘ | Stances stances " ; 

| 

Aroma : , 1: 0.61 1:7.8| 1:16.4 7| 1:0.47[1: 45.0] 1 0} 1:1.96 
Parsons l 51 1:6.5 1: 13.4 2 1 -48) 1 45.7) 1:61.5 1: 1.97 
Sample. 1: .& 1:7.4] 1:183 25.9) 1: .48) 1: 48.1 l .1] 1:201 
Portia_. 1 .47 1:7.4 1:15.5 4 1 -47} 1 65.8 s y 1:1.91 
Progressive 1: .@ Sf 1: 15.5 5.8 1: .48| 1: 64.0 1 l 1: 1.85 
Missionary. o> van 1:6.8; 1:14.11 0 Ta Fe 50. 1 1 3 1: 2. 06 
Klondike_. 1 39 1:5.1 1:10.9 1 1 .47 | 1 44.6 &. 9 1: 2.26 
Dunlap l 43 1:5.8 M:e7T I 4] 1: .42)13: 85.2] 1:73.2 1: 1.67 
Howard 17- Ll: .37 1:64] 1:126 1] 1: .60/1: 62] 1:88 1: 2.32 
Gandy 1 39 1:6.5 1:123 1 1 53) 1 57.0 es 8 1: 2.30 
Chesapeake 1 410 1:7.9 1: 14.6 3.0) 1: .53} 1: 67.4 1: 77.5 1 : 2.28 
New York 1 41 1:9.9 es | 2.4; 1 -% | 1: 102.3 1 4 1: 2.65 
All samples. 1 45 1:7.0 1: 14.4 .8 1 -49 | 1 57.0 1: 72.0 1: 2.08 





The most important of these relationships is that existing between 
the amount of acid, astringent substances, and sugars present. The 
balance or the lack of it between these constituents in a fruit is of 
primary importance in determining its dessert quality. The relative 
intensity of the effects of these three groups of substances upon the 
nerves of taste determine the individual’s judgment of the fruit as 
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acid, sweet, tart, or properly balanced. The conception of the basic 
character of the fruit thus obtained is supplemented by perception 
through the organs of taste and smell of the mixture of oils and esters 
which give the characteristic odor and flavor of the species or variety 
and permit its recognition among others of its class. No matter how 
agreeable the individual odor and flavor of the variety may be, it will 
not be considered desirable unless the balance between sugar, acidity, 
and astringency is such as to be pleasing. In determining palata- 
bility, the absolute amounts of these constituents are of minor im- 
portance as compared with the ratios existing between them. 

The content of total solids in its relation to these constituents is 
also a matter of some importance in determining dessert quality of the 
fruit, as a given quantity of sugar, acid, or astringent substance will 
be more or less apparent as the total solids associated therewith are 
large or small in amount. 

Considered on the basis of the relations existing between total 
solids, acid, sugar, and astringent content, the varieties included in 
the study may be combined into four groups: (1) A low-sugar, low- 
acid, low-astringency group, consisting of Portia and Progressive; 
(2) a low-sugar, low-acid, high-astringency group, consisting of 
Aroma, Parsons, and Sample; (3) a medium-sugar, high-acid, medium- 
astringency group, made up of Gandy, Missionary, Klondike, Dun- 
lap, and Howard 17; and (4) a high-sugar, low-acid, low-astringency 
group, consisting of New York and Chesapeake. These groups will 
be discussed in some detail. 


LOW-SUGAR, LOW-ACID, LOW-ASTRINGENCY GROUP 


Portia and Progressive show a considerable degree of likeness in 
composition as regards the absolute amounts of their several con- 
stituents. Both are low in total solids and in all the constituents of 
total solids, but notably so in total astringency and its components. 
As compared with the line of general average (fig. 13), they form a 
group characterized by low values throughout with especially low 
astringency. Reference to the table of ratios shows that in respect 
to the ratios of acid to solids, acid to sugar, and solids to sugar, they 
do not differ greatly from the second group or from the general aver- 
age. In the ratio of acid to astringency they are much higher and 
in that of astringency to total solids much lower than the second 
group, indicating a materially lower level of astringency in relation to 
the general level of other constituents than prevails in Aroma, Par- 
sons, and Sample. Their ratios of acid to astringency and to sugar 
and of astringency to solids are not so low as is the case in New York 
and Chesapeake, so that their sweetness to taste is not so pronounced 
as in these varieties. 

Progressive is below the general average in every constituent de- 
termined except insoluble solids. It is the lowest of the 12 varieties 
in total astringency, and has lower nontannin astringency than any 
other variety except Howard 17. In general composition it resembles 
Portia, but is somewhat higher in total insoluble and soluble solids, 
sugar, and tannin, and somewhat lower in total astringency and in 
nontannins. Its low acidity and very low astringency result in a 
degree of sweetness to taste exceeding that of many berries of con- 
siderably higher sugar content. 














Apr. 15, 1935 Development and Ripening in the Strawberry 685 


Portia is lowest of all the varieties in total solids, soluble solids, and 
acidity. Howard 17 is very slightly lower in insoluble solids, Dunlap 
is slightly lower in sugar, and Progressive and New York are lower in 
total astringency. Considered in relation to its other constituents, 
the insoluble solids and nontannins of Portia are rather high, but its 
low acid and total astringency ratios give it a sweetness to taste, as in 
the case of Progressive, out of proportion to its actual sugar content. 


LOW-SUGAR, LOW-ACID, HIGH-ASTRINGENCY GROUP 


The three varieties Aroma, Parsons, and Sample are very similar. 
In comparison with the line of reference, or general average (figs. 13 
and 14), they are very low in total solids, soluble and insoluble solids, 
sugar, and acidity, but are quite high in total astringency as a result 
of a fairly high content of both tannins and nontannins. Reference 
to the table of ratios brings out the fact that there is also a close resem- 
blance between them in the ratios existing between their constituents. 
The ratio of acid to astringency is 1 to 0.5 or 0.6; the ratio of astrin- 
gency to solids approximates 1 to 26, indicating a relatively higher 
astringency in relation to acidity and to solids than is found in any of 
the other varieties. The ratio of acid to sugar is slightly above the 
general average in Parsons, slightly below in Aroma and Sample. 
The acid-solids ratio is above the general average in Parsons and fairly 
close to the average in the others. The ratio of solids to sugar is 
practically identical in all. 

Aroma is low in total solids and all components of total solids except 
astringent substances. It rather closely resembles Parsons in com- 
position, but is slightly higher in absolute amounts of all constituents 
except acid and nontannin. Sample is considerably below the line of 
general average in all constituents except astringent substances, in 
which it is quite high. It is almost identical with Parsons in total 
solids, soluble and insoluble solids, and sugar, somewhat lower in 
acidity, and higher in total astringency. It is quite high in nontannin 
astringency, being exceeded only by Gandy and Missionary in this 
respect. 

Parsons is slightly more acid than Aroma and Sample and slightly 
less astringent. Like them, it is quite low in total solids, insoluble 
and soluble solids, and sugar, a fact which determines its place here 
rather than in the next group. Hedrick (14) characterizes Aroma and 
Parsons as ‘“‘pleasantly sprightly’? and Sample as ‘‘subacid to some- 
what sprightly.”’ He terms Portia and Progressive ‘‘subacid.” 
These five varieties differ only slightly in their ratios of acid to sugar 
or to solids, but Portia and Progressive have considerably lower 
astringency, both absolute and relative, than the others. The term 
“pleasantly sprightly’’, as used by Hedrick, evidently connotes the 
presence in the fruit of such a balance between astringency, acid, and 
sugar as is pleasing to the palate. With reduction in the amount of 
astringents present, fruit with the same acid-sugar ratio is subacid, 
tending toward insipid. 


MEDIUM-SUGAR, HIGH-ACID, MEDIUM-ASTRINGENCY GROUP 


Gandy, Missionary, Klondike, Dunlap, and Howard 17 (Premier) 
in that they have high ratios of acid to solids and to sugar, while 
their ratios of astringency to solids are intermediate between those of 
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the first and second groups. They are consequently characterized 
by a sharply acid, distinctly astringent flavor which is subdued bu! 
not lost when the fruit is preserved with the addition of sugar. 

Missionary is in some respects intermediate in its chemical charac- 
ters between the last-mentioned group and the present one. It is 
well above the general average and consequently markedly above the 
last group in total solids and in practically all constituents of total 
solids, its total astringency exceeding that of any other variety. In 
its absolute amount of solids, sugars, and other constituents it is like 
other members of this group. Examination of the table of ratios 
shows that in acid-astringency, acid-sugar, acid-solids, and astrin- 
gency-solids ratios it is almost identical with Parsons. Parsons is a 
little higher in its acid-sugar and acid-solids ratios than the other 
members of its group, while Missionary is a little lower in its acid- 
sugar and acid-solids ratios than the other members of the present 
group. Parsons and Missionary are consequently intermediate 
between the low-acid, high-astringency group and the high-acid, 
medium-astringency group. Missionary is characterized by Hedrick 
(14) as quite tart, a designation which takes account of its high 
astringency. 

Klondike is considerably above the general average in its total and 
insoluble solids, is average in sugar, very slightly below average in 
insoluble solids and nontannins, and markedly high in acidity, total 
astringency, and tannin. Its high acid-astringency and acid-solids 
ratios make it relatively the most acid berry of the entire group, 
despite the fact that its sugar content is up to the general average of 
all varieties. Hedrick terms it “sprightly to acid.”’ 

Dunlap is unique among the varieties studied in that while its total 
solids, acidity, total astringency, and components of total astringency 
are all practically on the line of general average, its insoluble solids 
are the highest found in any variety and its soluble solids and sugars 
are close to the minimum values found in Portia and Parsons. Its 
ratio of solids to sugar is the highest noted in the 12 varieties, and its 
ratio of acid to sugar is exceeded only by that of Klondike. In conse- 
quence of its high acid-sugar ratio, it has a greater apparent acidity 
than other berries of equal absolute acid content but of higher sugar 
content, such as Chesapeake and Missionary. Hedrick’s characteri- 
zation of the fruit as ‘‘mild”’ is somewhat surprising in view of the 
chemical data. 

Howard 17 (Premier) more closely approximates the general average 
in the amounts of all its constituents than does any other variety. 
Total solids, soluble solids, sugar, and tannins fall practically on the 
general average line; acidity only slightly above it. Insoluble solids 
and nontannins are the lowest found in any of the varieties, and total 
astringency is only slightly above the minimum values found in 
Progressive, Portia, and New York. In the ratios between its con- 
stituents, Howard 17 is very much like Gandy, having almost identical 
acid-astringency, acid-sugar, and acid-solids ratios. All these are 
higher than average, so that the berry is a distinctly acid one. Hed- 
rick terms Howard 17 ‘pleasantly sprightly.” 

Gandy is outstanding in its high content of total solids and of all 
constituents of the total solids. It is equaled by no other variety in 
total solids, acid, and nontannins, is exceeded in soluble solids and 
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sugar only by New York, and in tannin by Klondike, Missionary, and 
Aroma. As compared with the general average of all samples, Gandy 
is high in all constituents but especially so in total solids, acidity, and 
astringency. Its similarity to Howard 17 in the ratios between its 
constituents has already been noted. Its ratio of solids to sugar, 
| to 0.53, is lower than the average, which has the effect of increasing 
the sweetness of the fruit to taste. Hedrick classes Gandy as “ briskly 
subacid.”’ 


HIGH-SUGAR, LOW-ACID, LOW-ASTRINGENCY GROUP 


The New York and Chesapeake present a combination of high solids 
and sugar content with very low ratios of acid and astringency to 
solids and especially to sugar. This gives both berries a pronounced 
sweetness which is agreeable in the fresh condition but which renders 
them rather characterless and lacking in acidity and sprightliness 
when preserved with the addition of sugar. Both berries have low 
ratios of solids to sugar, which further intensifies the sweetness of the 
fruit. 

Chesapeake is high in total and soluble solids and in sugar, being 
exceeded in the amounts of these constituents only by Gandy and 
New York. It is very slightly above the general average in insoluble 
solids and acidity, and somewhat below it in total astringency and 
tannin. Its ratio of acid to sugar is rather low, but it is preserved 
from being insipidly sweet by rather high acid-astringency and acid- 
solids ratios. Hedrick classifies it as ‘‘mildly acid.” 

New York is unique in that it departs more widely from the line of 
general average in its composition than does any other variety. In 
total solids it is exceeded only by Gandy, and in soluble solids and 
sugars it exceeds all others. Its insoluble solids and acid content are 
below the general average, and its total astringency and tannin con- 
tent are the lowest found in any of the varieties. Its nontannin con- 
tent is well above the general average, being exceeded only by Gandy, 
Missionary, and Sample. Of all the varieties studied it has the lowest 
ratios of acid to sugar, astringency and tannin to solids, and solids to 
sugar. This makes it a variety of outstanding sweetness to taste. 
Hedrick terms it ‘“‘mildly subacid.”’ 

In conclusion, it should be noted that the foregoing results were 
obtained from fruit grown in one locality only, and that there is a 
possibility that repetition of the work in a more northern or southern 
locality would result in an alteration of the relative positions of some 
of the varieties. These results can be said to hold strictly only for 
the vicinity of Washington, D. C. There is need for further work 
upon the effect of various soils and different environmental complexes 
upon the composition of the strawberry. 


CHEMICAL AND PHYSICAL CHARACTERS OF THE STRAWBERRY 
IN RELATION TO ITS UTILIZATION 


The varieties used in this study include all the older and more widely 
cultivated commercial sorts. They therefore represent the result of 
selection definitely directed toward the production of fruit of a char- 
acter adapted to market and shipping purposes, and presumably con- 
form rather closely to the general conception on the part of breeders 
and growers as to what a desirable commercial berry should be. 
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These varieties present very great diversity in the degree of thei 
adaptability or suitability for preservation by canning, freezing, or 
other means, and yield products differing greatly in appearance and 
palatability when so treated. The reason is that the chemical and 
physical characters which must be possessed by a berry if it is to yield 
a satisfactory canned, frozen, or preserved product are in part dis- 
tinct from those that are acceptable in a commercial or dessert fruit. 

Some characters which are unobjectionable or even desirable in a 
commercial berry are distinctly undesirable in a fruit to be used for 
preserving purposes. Conversely, some characters which are indis- 
pensable to the making of a high-grade preserved product are not 
required and may even be objectionable in a dessert fruit. The 
analytical data supply a measure of some of these characters; others 
show no correlation with any facts brought out by the analyses. 

In the following paragraphs an attempt is made to state the charac- 
teristics of an ideal berry for preservers’ use, to check the different 
varieties against this ideal, and to correlate chemical and physical 
composition with adaptability to preserving purposes. 


FIRMNESS OF FLESH 


In order to be suitable for preservers’ use, a strawberry must have 
a texture of flesh that will enable it to withstand heating in sirup, o 
freezing and subsequent thawing, without breaking down and losing 
its form in the process. 

Of the varieties herein employed, Klondike and Gandy retain their 
form under preservative treatments in a higher degree than do the 
others. The only chemical character of these berries with which this 
property of resistance to heat appears to be correlated is their high 
absolute acidity, approximating 1 percent, and their high ratio of 
acid to other constituents. Whether the high acidity of these varie- 
ties is a coincidence or has a causal relation to their behavior in cooking 
can only be determined from more extensive studies on a wide variety 
of material. There is clearly no correlation between firmness under 
these treatments and amount of total solids or insoluble solids or 
ratios of insoluble to soluble or to total solids. 

The puncture tester employed in the present work determined the 
resistance of the fruit to penetration by a small plunger, 0.032 inch in 
diameter. At a given stage of ripeness, as red ripeness, all the varie- 
ties showed practically equal resistance to puncture, no significant 
differences being observed among them. Resistance to puncture by 
small plunger is definitely correlated with stage of maturity, as shown 
in a preceding section, but does not show any correlation with the 
resistance of the fruit to deformation or crushing under pressure or 
with the amount of softening that will occur when the fruit is heated. 
The amount of softening and bre: iking to pieces occurring in the course 
of preservative treatment cannot be predicted with certainty from the 
characterizations of varieties in horticultural descriptions as ‘‘soft’’, 
‘“‘moderately firm”’’, and the like, since varieties classed as ‘‘soft”’ and 
‘firm’? may break down to the same degree in preserving. 


COLOR 


The character and degree of change in color occurring in the course 
of preservative treatment are quite important in determining the 
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desirability of a berry for preservers’ use. An ideal berry for preserv- 
ing would be one that would retain the color of the fresh fruit un- 
changed through the preservative processes. No existing berry does 
this, but both the degree and the character of the change in color differ 
greatly in different varieties. One of the objects of the present study 
was to ascertain whether any definite relationship exists between 
chemical composition and the alteration and loss of color in the process 
of preservation. The results have been negative, but a brief state- 
ment of some of the observed facts may be made. 

The pigment of the strawberry shows the general behavior of the 
anthocyans, but as its chemical composition has never been determined 
it is not known whether it is a single pigment or a mixture. Because 
of its reducing properties it is included in the substances designated as 
nontannin astringents, along with varying amounts of other and 
unknown substances which reduce potassium permanganate. There 
is consequently no relation between the amount of the nontannin 
astringency and the apparent intensity of color of the fruit. Progres- 
sive, Missionary, and Sample are varieties that are deeply colored 
both at the surface and throughout the flesh to an approximately equal 
degree. Missionary and Sample have the maximum amounts of non- 
tannins found in the series, whereas Progressive has very slightly more 
than the minimum found in Howard 17. The other varieties studied 
differ widely in their apparent pigment content without any relation 
to their nontannin values. 

Darrow and Waldo (9) have studied the color changes occurring in 
a number of strawberry varieties, including Aroma, Chesapeake, 
Klondike, Howard 17, Missionary, and Dunlap, and in a number of 
their own selections. Their colored plate (pl. 2) shows that consider- 
able alteration of color occurs when the ripe fruit is picked and allowed 
to stand for a few days at summer temperature. In the case of 
Howard 17, Missionary, and Dunlap the change of color is toward 
purple; in Aroma, Chesapeake, and Klondike it is toward dusky 
reddish brown. Similar changes occur when the fruit is allowed to 
become overripe on the plant. 

Culpepper and Caldwell (5) have reported that in the course of 
canning experiments with about 200 varieties and strains of straw- 
berries they encountered several types of behavior of the pigment 
of the berry after canning. In the type of most frequent occurrence 
the original red color became converted to some shade of brown or 
brownish red when the fruit was heated either in glass or in metal 
cans. This was attributed to isomerization of the pigment to a color- 
less form together with browning due to the oxidation of tannin. In 
another type the change in color was a fading, or lessening in intensity, 
of the red color with no pronounced browning, which would occur if 
isomerization of pigment without oxidation of tannin had taken place. 

In the varieties herein studied there were very considerable differ- 
ences in the degree and character of the color changes of the canned 
product. In Chesapeake, Gandy, Howard 17, Missionary, Sample, 
and Progressive, the outstanding change was a fading, or lessening in 
intensity, of the original color, apparently due to conversion of some 
of the pigment to the colorless form. This was accompanied by a 
variable but never extreme degree of browning. In Aroma, Portia, 
Parsons, and Klondike the original color was deepened to a dark 
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brownish red, very similar in appearance in all. In Dunlap and New 
York there was only slight fading and very little browning. 

These results cannot be correlated with any chemic al characters 
brought out by the present study. The group in which pronounced 
fading under heat occurs includes the deeply colored, highly acid, 
highly astringent Gandy, together with berries of medium to low acid 
and astringent content. The group in which pronounced browning 
occurs contains the highly acid, rather astringent Klondike with others 
of low acidity and astringency. Dunlap and New York, in which a 
minimum of change of either type occurs, are quite unlike in chemical 
characters. It is consequently impossible to correlate behavior of 
pigment with any type of chemical composition. Understanding of 
the behavior of pigments of the fruit must await studies of its chemical 
composition and properties. 


PERSISTENCE OF FRESH FRUIT FLAVOR 


The palatability of a preserved berry is determined to a very con- 
siderable extent by the degree to which the consumer recognizes in it 
persistence of the flavor of the fresh fruit. This flavor is due partly 
to essential oils and esters and partly to the balance between sugar, 
acidity, and astringency in the product. In the process of preserva- 
tion very considerable quantities of sugar are added to the fruit in the 
form of sirup. The resulting interchange with the tissue fluids of the 
fruit brings about considerable change in the flavor of the fruit insofar 
as the balance between sugar, acidity, and astringency is concerned. 
As sugar content is increased, acidity and astringency are decreased 
by dilution with the neutral sirup, and there is also some actual loss 
of astringent substances through oxidation or destruction by heat in 
the course of application of the preservative treatment. The extent 
of these changes will depend upon the amount and concentration of 
the sirup used and other varying factors, but the direction of the 
changes will always be toward loss of the balance and character of the 
fresh fruit and its replacement by a bland, insipid sweetness. 

The standards of quality applied to commercial berries are based 
upon the appeal that the fruit makes when eaten in the fresh condi- 
tion. In fruit to be so eaten, sweetness is a primary consideration, 
and a high ratio of sugar to total solids with medium to low propor- 
tions of acidity and astringency is desirable. Consequently, the 
trend in selection of berries for commercial cultivation has tended 
to eliminate strains that are too high in acidity or astringency, or 
both, to be agreeable when eaten out of hand. The result is that 
when a desirable dessert fruit is preserved in sirup, it may become 
little more than a vehicle for sugar. In order to produce a preserved 
product which will be strongly suggestive of the fresh fruit flavor it 
is necessary to balance the added sugar by employing fruit of consid- 
erably greater acidity and astringency than would be acceptable in a 
dessert fruit. Since breeders have heretofore discarded such strains 
as they have appeared, this necessarily means that in the future 
attention will have to be given to the development of varieties specifi- 
cally adapted to preserving purposes through selection of seedlings 
possessing desirable chemical as well as physic al and horticultural 
characters. 
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With all the varieties herein studied, some improvement in the 
balance and flavor of the preserved material was obtained by employ- 
ing fruit at the red-ripe stage as compared with fully ripe fruit. The 
obvious reason is that sugar content is increasing and acid and astrin- 
gent content are decreasing from the stage of red-ripeness onward to 
full ripeness. These changes result in a decided improvement in 
dessert quality but entail a very marked decline in character and 
balanced flavor of the canned or frozen product. 

Of the varieties herein studied, the low-sugar, low-acid, low-astrin- 
gency group, Portia and Progressive, and the high-sugar, low-acid, 
low-astringency group, New York and Chesapeake, are most seri- 
ously lacking in the characters requisite to the making of high-grade 
preserved products. When preserved by the addition of sugar they 
become bland, pleasantly flavored, with little or no varietal flavor or 
character. Whatever other characters they may have which may be 
considered desirable in a berry for preserving purposes, these varieties 
serve chiefly as vehicles for conveying sugar. 

The low-sugar, low-acid, high-astringency group, Aroma, Parsons, 
and Sample, yield preserved products of better balance and more 
character than those just listed. While somewhat deficient in acid- 
ity, their relatively high astringency prevents conversion of the prod- 
uct to an insipidly sweet one when preserved in sirup. 

The group offering greatest possibilities for preservative purposes, 
insofar as composition is concerned, is the medium-sugar, high-acid, 
medium-astringency group, made up of Gandy, Missionary, Dunlap, 
Howard 17 and Klondike. Of all the varieties herein studied, Klon- 
dike is preferred for frozen packing for use in ice cream, etc., and is 
probably most generally employed for canning, with Gandy ranking 
next (10). Both combine fairly high acidity and astringency with 
other desirable characters, including deep-red color extending well 
into the flesh, and a firmness of texture which prevents cooking to 
pieces or collapse of the fruit in preserving. Missionary is some- 
what similar to Klondike in composition, but is less firm in texture. 
Dunlap is also somewhat soft as compared with Klondike. Howard 
17 is only moderately firm and has fairly good color, but its low 
astringency makes its preserved products somewhat lacking in spright- 
liness and balance. 

Many or most of the varieties herein studied are rather harshly 
astringent when under-mature but become less so as they ripen 
because of the rather rapid reduction in amount of the total astrin- 
gency. The total astringency is the sum of two components, true 
tannins and nontannins, the latter consisting of anthocyans and asso- 
ciated substances having reducing properties. The true tannins con- 
siderably exceed the nontannins in the immature fruit but decrease 
rather rapidly during ripening, the nontannins meanwhile increasing 
considerably. In the ripe fruit the amount of true tannins is still 
somewhat in excess of nontannins except in two varieties: Portia, in 
which the two are practically identical in amount; and New York, in 
which nontannins exceed true tannins by 50 percent. While both 
tannin and nontannin contribute to the astringency of the fruit, the 
true tannins are apparently much more important in determining 
flavor. 








692 Journal of Agricultural Research Vol. 50, no. 8 


While tannin is a highly desirable constituent, in that it contrib- 
utes balance and sprightliness to the flavor of the preserved fruit, its 
presence offers considerable difficulty in canning or freezing. It oxi- 
dizes readily upon exposure to the air and more rapidly upon heating, 
with the production of a brown discoloration. Since the tissues of 
the fruit contain considerable quantities of air, which is removed 
with difficulty,® the prevention of brown discoloration in canning and 
freezing has not been successfully accomplished. It is less rapid and 
intense in the more acid Klondike and Gandy than in varieties which 
are lower in acidity, and the experimental addition of an organic acid 
to the sirup in which fruit of the less acid varieties is canned or 
frozen results in distinct lessening of the brown discoloration. Con- 
sequently, berries that combine high tannin and acid content with a 
high specific gravity may show less tendency to browning than do 
berries with low acid and tannin content but with low specific gray- 
ity and a high percentage of air in the tissues. 


SUMMARY 


Studies of the physiological changes in the strawberry fruit occur- 
ring during its development were carried on for 4 seasons on 12 
varieties, including all the more important commercial sorts of the 
Hastern States. Samples were collected at intervals of 5 to 7 days, 
beginning at a time when the petals of the earliest flowers were still 
attached and continuing until most of the crop had reached full soft 
ripeness. At the later samplings, material representing all the fruit 
on the plants was separated into 2 or 3 lots on the basis of size or, 
in the later stages, of color. 

The earliest samples secured were characterized by very marked 
firmness and by high solids content. As compared with later stages 
of development, the young fruit at the stage of petal fall has maxi- 
mum resistance to puncture, maximum total and insoluble solids, and 
maximum content of material which reduces potassium permanganate 
(total astringency). Titratable acidity and soluble solids are fairly 
high but not maximum. Sugars are small in amount and usually 
make up only 30 to 40 percent of the soluble solids. Considerable 
sucrose 1s occasionally present, but free reducing sugars usually make 
up 60 to 90 percent of the total amount. 

On entering upon the phase of rapid enlargement, the fruit decreases 
considerably in its resistance to puncture. The outstanding chemi- 
cal change accompanying the onset of rapid growth is a progressive 
increase in water content. The decrease in total solids is due chiefly 
to a decrease in insoluble solids, and in smaller part to a decrease in 
soluble solids. There is a very pronounced decrease in materials that 
reduce potassium permanganate. Sugar content remains practically 
stationary or decreases slightly, while active acidity and titratable 
acidity show an increase. 

The period of growth up to the stage of loss of chlorophyll, or begin- 
ning of the whitening stage, is one of progressive decrease in resistance 
to puncture and in total solids, insoluble solids, and astringent 


6 Culpepper and Moon (7) found that in 36 varieties and strains of strawberries tested the specific gravity 
of the fruits ranged between 1.008 and 0.922, and the percentages of air by volume in the tissues between 
3.3 and 11.3. For Missionary the figures were: Specific gravity 0.965, air 7.2 percent; for Portia, 0.947, 8.3; 
for Howard 17, 0.946, 8.5; for Progressive, 0.946, 8.8; for Klondike, 0.935; for Dunlap, 0.937; for Aroma, 0.932. 
They point out that berries of high specific gravity are generally more desirable for canning than those 
with lower specific gravity, because of the greater tendency toward pinholing of the can in the latter. 
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materials. Titratable acidity and total sugars usually increase 
slightly but may fluctuate irregularly with little change. Soluble 
solids may decrease slightly or show practically no change. In 
these results the irregular variations in soluble solids and in sugars 
are in part due to day- to-day variations between rate of absorption 
of water and rate of formation and transport of sugar into the fruit, 
and in part to sampling errors. 

The stage of whitening is very definitely characterized chemically. 
At this stage the fruit attains the maximum water content present 
in its entire life history, together with maximum titratable and active 
acidity. Soluble solids, which have declined or remained relatively 
stationary up to this time, now begin to increase, chiefly as a result 
of increase in total sugars. Insoluble solids, which up to this time 
have declined fairly rapidly, enter upon a slower rate of decrease. 
Astringent materials, which have heretofore decreased rapidly, enter 
upon a much slower and quite irregular decline. Resistance to punc- 
ture has decreased to between one-third and one-fourth that found at 
the initial sampling. 

Transition from the stage of whitening to full ripeness is accom- 
panied by a very rapid decrease in resistance to puncture. Total 
solids increase chiefly as a result of increase in total sugars, which 
more than compensates for the continuing decrease in insoluble 
solids. Sugars make up 70 to 80 percent of the soluble solids and 
about 50 percent of the total solids of the ripe fruit, and consist 
chiefly of reducing sugars. ‘Titratable acidity declines rapidly; total 
astringency declines slowly from whitening to full ripeness. 

The chemical composition of the crop at any stage in its develop- 
ment or at ripeness is to a very high degree determined by the relative 
activity of two opposed processes, the absorption of water and the 
accumulation of sugar. The erowth of the fruit is accompanied by 
progressive hydration, which tends to reduce the percentage content 
of all the solid constituents. At the same time sugars are being 
received from the leaves, which tends to increase the solids content. 
The rate at which hydration occurs is determined by the initial soil 
moisture and the amount of precipitation; the rate at which transport 
of sugar to the fruit occurs is governed by temperature and amount of 
sunlight. Both processes are consequently controlled by environ- 
mental conditions. Alternations of conditions that favor one or the 
other process during growth produce temporary fluctuations in com- 
position of the fruit. Normally the accumulation of water is the 
dominant process up to the whitening stage; from that time onward 
accumulation of sugar becomes the dominant process, but the amount 
of these changes may be altered by external conditions. 

These general statements with respect to the chronological sequence 
of events in the course of development of the fruit are substantially 
reinforced by a statistical treatment of the analytical data, in which 
all the 278 samples were considered as one class and in which deter- 
minations were made of degrees of correlation between a number of 
the constituents of the fruit and -two different indices of maturity. 
One of the indices employed, the resistance of the fruit to puncture, 
or penetration by a needle, is a physical measure of maturity, while 
the other, the ratio of the insoluble solids of the fruit to the soluble 
solids, is a chemical measure of maturity. The two measures of 
maturity have a coefficient of correlation of + 0.917, indicating a very 
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good agreement. Agreement is less perfect with extremely young 
fruit than with fruit in the later stages of development. 

The coefficient of correlation of insoluble solids with resistance io 
puncture is +0.882. The index of correlation of soluble solids with 
resistacne to puncture is 0.641, and the line of regression is a curve 
indicating positive correlation when puncture-test values are high, and 
negative correlation when puncture-test values are low. Total solids 
plotted against resistance to puncture showed a distinct correlation be- 
tween the two sets of values, and calculations of the coefficient of cor- 
relation gave a value of 0.754. The index of correlation for total solids 
with the ratio of insoluble to soluble solids is +0.884; the coefficient of 
correlation of total sugars with resistance to puncture is 0.817, the 
correlation being negative; the coefficient of correlation of total sugars 
with the ratio of insoluble to soluble solids is 0.871 and is also negative. 
In the case of fruit that has entered the ripening stage, the correlation 
of both total solids and total sugars with the ratio of insoluble to solu- 
ble solids is much closer than their correlation with resistance to punc- 
ture. Titratable acidity was found to have an index of correlation of 
0.494 with resistance to puncture and of 0.547 with the ratio of insolu- 
ble to soluble solids. The forms of the curves indicate little or no cor- 
relation for the period prior to onset of ripening, but very good positive 
correlations with both in the ripening period, that with the latter 
being somewhat higher. The coefficient of correlation of total as- 
tringency with resistance to puncture is 0.926; that with the ratio of 
insoluble to soluble solids is 0.710, the forms of the curves indicating 
greater reliability of resistance to puncture as a criterion of maturity 
in the case of very young fruits. There is a low but significant 
negative correlation between sugar content and acid content. 

As a basis for making comparisons of the chemical composition of 
the varieties and determining the degree to which varieties have 
definite chemical individualities, the average composition for all the 
ripe samples of each variety was determined, and also the grand 
average for all ripe samples of all varieties. The ratios between cer- 
tain constituents, namely, acidity and astringency, acidity and sugar 
content, acidity and total solids, astringency and total solids, and 
total solids and sugar, were then determined for each of the varieties. 
Comparisons of these ratios permit grouping of varieties of like com- 
position without regard to the absolute amounts of the constituents 
present. So considered, the varieties form four groups: (1) A low- 
sugar, low-acid, low-astringency group, consisting of Portia and 
Progressive; (2) a low-sugar, low-acid, high-astringency group, made 
up of Aroma, Parsons, and Sample; (3) a medium-sugar, high-acid, 
medium-astringency group, consisting of Dunlap, Howard 17, Gandy, 
Klondike, and Missionary; and (4) a high-sugar, low-acid, low- 
astringency group, consisting of Chesapeake and New York. 

The chemical characteristics of each of these groups as they affect 
the adaptability of the fruit to various preservative treatments are 
considered in some detail. None of the varieties studied is especially 
well adapted to preservers’ use, primarily for the reason that the ratios 
of acidity and astringency to sugar content which are acceptable in a 
fresh fruit are too low to permit retention of balanced flavor and 
palatability when the fruit is preserved with sugar. Of the several 
groups, the medium-sugar, high-acid, medium-astringency group 
most nearly approaches the type of chemical composition desirable 
in a berry for preserving purposes. 
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THE TREND OF ORGANIC FOOD RESERVES IN ALFALFA 
ROOTS AS AFFECTED BY CUTTING PRACTICES! 


By C. O. GRANDFIELD ? 


Assistant agronomist, Division of Forage Crops ~~ Diseases, Bureau of Plant 
Industry, United States Department of Agriculture 


INTRODUCTION 


For 20 years experimental work relating to the time and frequency 
of cutting alfalfa (Medicago sativa L.) has been conducted at the 
Kansas Agricultural Experiment Station. The purpose of the earlier 
experiments was to determine the relation of cutting practices to the 
yield and the quality of hay. It was thought that frequent cutting 
stimulated growth and increased the yields. It was soon found, 
however, that such treatment usually resulted in injury to the stand 
and decreased yields. Later it was shown that if the alfalfa was not 
eut too frequently the stands could be maintained longer and the 
yields increased. Certain data from these experiments also indicated 
that the latter part of the growing season is the critical period insofar 
as cutting practices are concerned. It seemed desirable, therefore, 
to conduct new experiments to verify this conclusion and to study 
the effect of various cutting practices. Since recent experiments in 
Kansas and elsewhere have indicated a relation between the time and 
frequency of cutting and the organic reserves stored in the roots, it 
seemed advisable to determine the trend of these reserves throughout 
the season and also the effect of cutting practices on the storage of 
such reserves. The experiments reported here were undertaken to 
secure information regarding these points. 


REVIEW OF LITERATURE 


The literature dealing with the time and frequency of cutting in 
relation to permanence of stand, yield, and organic reserves has been 
reviewed by several writers, and an extensive discussion of earlier 
contributions seems unnecessary. The work of Salmon et al. (17)° 
clearly showed that alfalfa is affected by cutting treatments. Graber 
et al. (6) showed that the vigor and productivity of alfalfa is greatly 
reduced and the mortality rate of the plants increased by frequent 
and early cutting. Aldous (2), working with pasture plants, found 
that the organic reserves of perennial herbaceous plants decrease in 
the spring until the top development reaches a certain stage, after 
which they accumulate and are stored in the roots. 

In studies with grasses, Graber (5) found that certain practices 
which interrupted photosynthesis also limited subterranean develop- 
ment, increased the susceptibility to drought and winter injury, and 
gave other indications of a weakened condition of the plant. Arny (3), 
in his work with the underground parts of five perennial weeds, found 
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that the carbohydrate and nitrogenous reserves vary somewhat 
during the season and that many plants are weakened or killed by 
certain cutting practices. Previous work by the writer (7) with 
pasture weeds indicates that if the photosynthetic parts are removed 
when the reserve supply is low there is a tendency to starve the plant. 
Kraus and Kraybill (J0), Harvey and Murneek (9), Murneek (7/2), 
Albert (1), Nelson (13), Pierre and Bertram (15), Reid (16), and 
others have made distinct contributions to the study of organic 
reserves. 
METHODS AND MATERIAL 


The studies reported here are based on two field experiments, the 
first of which was started in the summer of 1929 in a field of alfalfa 
that had been seeded the previous fall on a dark alluvial soil of high 
fertility, and the second in 1931 on a soil of the same type. In the 
first experiment there were 9 duplicated treatments, differing with 
respect to time or frequency of cutting, and 6 check plots. The 
treatments were arranged to give growing periods of various lengths 
after the last cutting in the fall, thus providing different degrees of 
winter protection. 

Root samples for chemical analyses were taken at the beginning 
of the experiment, which was the third cutting in 1929, and there- 
after at the time the plots were cut until the spring of 1932, except 
that samples of the first and second cuttings in 1931 were not taken. 
Root samples were also taken in the late fall and early spring while 
the plants were dormant. In sampling, all plants were dug in a 
representative 0.0001-acre area, measured by a hoop. The area was 
selected from a part of each plot reserved for that purpose, samples 
being taken from duplicate plots. 

The primary objective of the second experiment was to determine 
more completely than was possible in the first experiment the fluctua- 
tions in carbohydrate and nitrogen reserves throughout the season, 
the relation of these fluctuations to cutting practices, and the effect 
of the past season’s treatments on yields. In 1931, there were 4 
variously treated plots, a fifth being added in 1932 and designated 
as plot 1. Single plots 30 feet wide and 145 feet long were used. 
In 1932, plot 1 was cut 4 times, each time when in full bloom. In 
1931, and 1932 plot 2 was cut first in the bud stage and thereafter 
3 times in full bloom; plot 3, twice in the bud stage and twice in full 
bloom; plot 4, 3 times in the bud stage and once in full bloom; and 
plot 5, 4 times, each time when in the bud stage. In the fall each 
plot was divided lengthwise into three divisions designated as a, ), 
and c. These were treated as follows: On a the top growth was 
removed at the time it ceased to increase in quantity, on b the top 
growth was removed after it had all been killed by freezing, and on c 
the top growth was allowed to remain on the plots for winter pro- 
tection. It seemed desirable to eliminate the cumulative effect of 
the treatments; therefore new plots were established each year. 

Root samples representative of all plots treated similarly previous 
to sampling were obtained at weekly intervals. For example, the 
samples from plot 1 taken from April 2 to May 21, 1932, are repre- 
sentative of plots 2,3, 4, and 5, as they were all treated alike up to the 
later date. Likewise, the samples taken on plot 2 between May 21 
and June 21, 1932, are representative of plots 3,4, and 5. Chemical 
analyses were based on 100 roots selected at random. 
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The roots in both seasons were analyzed for total carbohydrates 
and total nitrogen, previous studies having indicated that the effect 
of the different treatments on root reserves could probably be 
measured in this way. Immediately after digging, the root samples 
were cut into 8-inch lengths and washed. Each sample was then 
cut into pieces approximately 1 inch in length, placed in a glass jar, 
covered with 95-percent alcohol, sealed, and stored for future chem- 
ical analysis. In preparing the roots for analysis the alcohol was 
drained off and the roots were allowed to dry, after which they were 
coarsely ground and again placed in the alcohol. They were allowed 
to absorb the alcohol and were then dried again, the alcohol being 
evaporated off at approximately 80° C. During the last drying the 
samples were mixed well with the material in the alcohol by stirring 
occasionally. The dried samples were again ground until 98 percent 
or more of the material passed through a '-mm sieve. Analyses of 
total carbohydrates and nitrogen were made of this finely ground 
material. With this method of drying and incorporating the alco- 
holic extract with the roots, only one determination for total carbo- 
hydrates or nitrogen was necessary for each sample. The Kjeldahl 
method was used for the determination of total nitrogen. In making 
the carbohydrate determinations a 3-g sample was hydrolyzed and 
the reducing power of an aliquot portion was determined in dupli- 
cate. The sugar determination was made by the cuprous titration 
method as deve ‘loped by Shaffer and Hartmann (/8), and the amount 
of carbohydrates was calculated as dextrose from the Munson- 
Walker tables (4). Results are reported on a dry-weight basis. 


EXPERIMENTAL RESULTS 
EXPERIMENT 1 


Data secured from the first experiment are given in table 1. It 
will be noted that at the fall dormant period the differences in total 
carbohydrates and nitrogen due to the different cutting practices 
were slight, except in the more severe treatments of plots 14 and 29, 
which were clipped every 10 days after the last cutting and for which 
the total carbohydrates and in most cases the nitrogen were conse- 
quently less than for any other plot. The difference in carbohydrates 
ranged from 3 to 10 percent. Plots 12 and 27, which were cut in the 
bud stage throughout the season, seemed to run somewhat lower at 
the fall dormant period in carbohydrates than those cut less fre- 
quently, but the differences are not great nor are they consistent. 
Plot series 1, 2, 16, and 17, which was cut but once, and series 4, 5, 
19 and 20, and 15 and 30, which were cut but twice during the season, 
appeared to contain somewhat more carbohydrates and nitrogen 
than those cut more frequently, but here again the differences are 
small and not consistent. 

The standard error of the experiment was determined from the 
deviations of the individual determinations from the means _pre- 
yd? 

—l 
The ype error for a single determination of total carbohydrates 
is + 1.58 percent and of total a t 0.08 percent. The figures 
in the table are averages of 2, 4, and 6 determinations, and this fact 
must be considered wherever the standard error is applied. 


sented in table 1 and was calculated by the usual formula 
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Data from this experiment relating to stand have been presente 
in another paper (8), but a summary is given in table 1. It is ap- 
parent that, in general, late cuttings, which leave only a short fall 
growing period before winter, reduced the stands materially below 
those in which the growing period after the last cutting was longer. 
The data in table 1 show good agreement between stand and root 
reserves, except for plots 11 and 26, in which all cuttings were made 
at full bloom or later, when the root reserves were high. 

EXPERIMENT 2 

The data from the second experiment, which was conducted in 
1931 and 1932, are given in table 2. Very similar results were secured 
in the two seasons. The data for 1932 are presented graphically in 
figure 1, the curves having been drawn freehand to represent the 
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FiGuRE 1.—Trend of total carbohydrates and nitrogen during growing season of 1932 as affected by different 


cutting treatments. Curves were drawn freehand from data in table 2. Dots indicate date of sampling 
Dots not intersected by curves are connected by lines to their respective curves. 


best fit. It will be noted that when growth starts in the spring and 
after each cutting there is a rapid decline of total carbohydrates and 
of nitrogen in the roots. However, the nitrogen curve for a short 
time after each cutting shows an increase. Probably at that time 
relatively more carbohydrate than nitrogen is used and hence there 
is an increase in nitrogen on a percentage basis. This condition is 
soon changed, and the curve starts down, following closely that of the 
carbohydrates. Under normal growing conditions, the carbohydrate 
and nitrogen curves reach a minimum about 20 days after cutting, 
after which there is a rapid increase, reaching a maximum when the 
plants are in full bloom. The point of minimum storage appears to 
depend on the amount of plant growth or probably leaf surface and 
rate of growth. These relations no doubt depend very materially 
on temperature and probably on other factors. 
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DISCUSSION 


The effect of the length of the growing period after the last cutting 
on the accumulation of carbohydrates during the fall dormant period, 
especially the effect of removing the aftermath at the time growth 
ceased (Oct. 5), is shown in figure 2. The effect can best be seen by 
comparing the 6 curves for the different plots and by comparing the 
a and 6 subdivisions for each plot. With respect to the former com- 
parison, it will be noted that the carbohydrate content of the roots 










































Ee ox 
30 -— PLOT | gn 2.0 
[fH wwe m new eee ae _ 
35 E-cARBOHYDRATES FB a 25 
= NITROGEN---—-— - PLOT 2 44 
- 2, CUT OCT. 5 a 
30 F 4° UNCUT --- Serr sat 355 *° 
& FB, FULL BLOOM oa 
w 35 8, BUD STAGE > 25 = 
oO a z 
. = a Ww 
* = Oo 
£30- 3720 
E tlie aoe qe ste 467) a 
E a a v 
o 25 a 
E - | FALL DORMANT PERIOD —>| ‘J 
© 35 4 
> on ° 
=z = cc 
S 30 Z 
x _ 2 
< = 
oO = 
25k 
35 - 
= 
30 
25 = 
205 1.0 
AUG.I5  SEPT.I OCT. | NOV. | NOV. 21 


FIGURE 2.—Effect of length of growing period after last cutting in fall and of remaining aftermath on storage 
of total carbohydrates and nitrogen in roots during fall dormant period, 1932. 


at the last sampling date of the season (Nov. 21) was substantially 
the same for all plots except plot 2, on which it was low. This no 
doubt is explained by the fact that on this plot the last cutting took 
place a short period before growth ceased, and the aftermath de- 
pleted these reserves but was not sufficient to restore them. On the 
contrary, the length of the growing period in plots 3, 4, and 5 was 
sufficient to restore the reserves before November 21. On plot 1 
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the last cutting coincided with the end of the growing period, hence 
there was no aftermath and no depletion of reserves. 

It will also be noted that in all cases both the carbohydrate and the 
nitrogen content of the roots on the 6 division, in which the aftermath 
was not cut until November 21, was moderately greater than on the 
a division of the same plots, on which the aftermath was cut as soon 
as growth ceased (Oct. 5). These comparisons and the shape of 
the carbohydrate and nitrogen curves after the last cutting, taken in 
conjunction with the form of the curves shown in figure 1, seem to 
afford rather conclusive evidence that the amount of growth which 
takes place after the last regular cutting has a material bearing on 
the organic reserves stored in the roots. 

It seems that in some cases the last cutting may be too early for a 
maximum accumulation of reserves. This is indicated by the data 
from plot 5 in 1931 (table 2), in which the fourth and last cutting was 
made August 29. On this date the carbohydrate content was 36.4 per- 
cent. This increased to a maximum of 39.2 percent on October 28 and 
afterward decreased to 35.7 percent on December 1. The growing 
period after the last cutting was long this season and the new growth 
matured before the beginning of the fall dormant period and a second 
new growth started from the crowns. No doubt the carbohydrates 
were decreased as a result. There was no material decrease in 1932 
after the date of maximum storage, but in this case the season was 
shorter and growth ceased about October 5 instead of October 28. 
The data indicate that the growing period after the last cutting 
should be only long enough to permit 8 to 10 inches of growth. 

Observations of spring growth in 1932 and 1933 indicated some 
benefit from allowing the aftermath to remain through the winter, 
as compared with removing it in the early or late fall. Growth 
started earlier and continued more vigorously throughout the first 
and part of the second crop. This suggestion is supported by the 
data in table 3, which shows the effect of these treatments on yield. 
As compared with 6 plots, in which the aftermath remained until it 
was killed by frost, the lowest yields were recorded in every case for 
a plots, in which the aftermath was removed as soon as growth ceased; 
the 6 plots, in turn, in every case but one, produced lower yields than 
the ¢ plots, on which the aftermath remained until spring. Leaving 
the aftermath on until it was frozen resulted in an average increase 
of 16.2 percent, and leaving it on until spring resulted in a further 
increase of 13.2 percent. However, approximately 10 percent of the 
latter increase was due to the old growth harvested with the new 
crop, which, when subtracted from that increase (13.2 percent) leaves 
3.2 percent due to winter protection. In calculating these averages, 
plot 1 was omitted because the growth that was left on was equal to 
a full crop and in farm practice would have been removed as a fourth 
cutting, as was done on the a and 6 divisions; and plot 2 was omitted 
because there was no aftermath. 

The data in figure 1 suggest that the percentage of total carbohy- 
drates at comparable stages of growth during midsummer is lower 
than in the earlier or the later part of the season when the tempera- 
ture is lower. This would be expected from the known relations 
between temperature and the storage of carbohydrates, as pointed 
out by Miller (11, p. 451), and by Nightingale (14). 
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TABLE 3.—Effect of previous treatments on yield of alfalfa hay in first cutting 


Average of the first cut- 


revi "ear’s 6 
Previous year’s treatments ting, 1932 and 1933 


Plot no. St. i 
Stage of cutting Average Height of Air-dried 


Fall ! growth pe- st og hay per 
all riod after Pan ye de acre at first 
] 2 3 ] 4 last cutting cutting 


Days Inches Pounds 
| FB FB FB FB a 0 14 1, 904 
1 FB FB FB FB b 0 16 2) 287 
| FB | FB FB (2) ( 47 18 2, 887 
| B FB FB FB a 7 | 14 1, 961 
2 \} B FB FB FB b 7 14 2, 032 
| B FB FB FB ( 7 14 li 
| B B FB FB a 22 14 2, 
3 B | B FB FB b 22 15 2,: 
| B B FB FB c 22 17 2: 
| B B B FB a 38 14 2 
{ B B B FB h 38 16 2, 
| B B B FB ¢ 38 17 3, 
| B B B B a 0) 15 
5 B B B B b 1) 17 
| B B B B ( 50 17 





a, Top growth removed at the beginning of the fall dormant period; b, top growth removed after being 
killed by freezing; c, top growth left on for winter protection and removed with the first cutting 
? Fourth crop not cut; left for winter protection. 


Tables 1 and 2 show a decided decrease in the amount of total car- 
bohydrates at similar stages of development, from year to year. 
This is probably the result of an increase in the fibrous tissues as the 
alfalfa roots become older, resulting in a percentage decrease in other 
constituents. The relation here, so far as nitrogen is concerned, 
is not so obvious, probably because of the greater effect of stage of 
growth on nitrogen content. 


SUMMARY AND CONCLUSIONS 


Twenty years of experimental studies relating to the time and 
frequency of cutting alfalfa at the Kansas Agricultural Experiment 
Station have gradually indicated that the fall of the year is the critical 
period insofar as cutting practices are related to organic root reserves 
and permanence of stand. E xperiments were conducted from 1929 
to 1932 in a study of the trend of nitrogen and carbohydrate reserves 
as affected by various cutting practices during the year, especially 
in the late fall, and the effect of these reserves on plant survival. 

It was found that when growth starts in the spring, and after 
each cutting, there is a rapid decline of total carbohydrates and of 
nitrogen until a minimum is reached, after which there is a rapid 
increase. During the seasons studied, the minimum carbohydrate 
and nitrogen content was reached about 20 days after cutting. The 
maximum accumulation apparently occurred when the plants were 
about in full bloom. 

“arly and frequent cutting, asin the bud stage, appeared to result in 
a lower carbohydrate and nitrogen content of ‘the roots when winter 
arrived, and, conversely, infrequent cutting resulted in a higher 
content of those reserves. The differences, however, were neither 
large nor entirely consistent. Clipping every 10 days after the last 
cutting greatly reduced the nitrogen and carbohydrate reserves and 
also the stand. 
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Data were secured which seem to afford rather conclusive evidence 
that the amount of growth which takes place after the last regular 
cutting has a material bearing on the organic reserves stored in the 
roots before winter. If this amount is small the reserves are depleted 
and there is no opportunity to restore them. It appears that there 
must be at least 8 to 10 inches of growth to permit maximum storage. 

Removing the aftermath when growth ceased in the fall resulted 
in a lower carbohydrate and nitrogen content than was obtained by 
leaving this aftermath on the plots. 

Permitting the aftermath to remain during the winter appeared to 
result in a more vigorous growth and an increased yield of the first 
cutting the following spring. 

The percentage of total carbohydrates in alfalfa roots at similar 
stages of growth decreased as the stand became older. 
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YIELD AND CHEMICAL COMPOSITION OF CERTAIN 
SPECIES OF GRASS! 


By J. G. ARCHIBALD, assistant research professor of chemistry, and EK. BENNETT, 
research assistant in chemistry, Massachusetts Agricultural Experiment Station 2 


INTRODUCTION 


A search of the literature a few years ago disclosed a scarcity of 
information on the chemical composition of individual species of grass 
indigenous to the northeastern part of the United States. Such in- 
formation would be a valuable adjunct in solving the problem of pas- 
ture management, which has been receiving a greatly increased 
amount of attention in the past 5 years. Accordingly a project was 
initiated in 1930 for a chemical study of some of the common grasses 
grown as pure or practically pure stands of the individual species. 
This paper reports the results of 3 years’ work. 


~XPERIMENTAL PLOTS AND PROCEDURE 


The tract of land chosen for the grass plots is located at the top of 
a low ridge on the experiment station farm, uniformly level from 
north to south, but with a slight slope to the west. The soil type is 
classified as Merrimac fine sandy loam. The surface soil varies in 
depth from 6 to 12 inches, and is underlain by an orange-brown sandy 
subsoil grading into loose gravel at from 12 to 24 inches below the 
ground surface. Mechanical and chemical analyses of the soil are 
given in table 1. 


TABLE 1.—Results of soil analyses on a basis of air-dry soil | ? 


. Orge 4 an ." all- 
Fine soil — , otal otal a Avail 
) and Potal rotal able- 
Profile (1 mm or latil Retin phos- potas- aie I pH 
less volatile | nitrogen phorus sium calcium phos 
matter , - phorus 
Percent Percent | Percent Percent Percent Percent P. p.m 
Surface soil 92. 17 5. 06 0. 139 0. 183 2.01 1. 43 154 6.05 
subsoil 99. 33 2. 63 044 030 1.85 1.44 58 5. 50 


Samples taken Sept. 20, 1932 
* All determinations except available phosphorus were made according to the following: ASSOCIATION OF 
OFFICIAL AGRICULTURAL CHEMISTS. OFFICIAL AND TENTATIVE METHODS OF ANALYSIS Ed. 3, 593 pp., 
llus. Washington, D. C. 1930. Available phosphorus was determined by Truog’s method 


Previous to 1930 the land had been devoted for years to variety 
and yield tests on corn or corn and soybeans, and the fertilizer treat- 
ment had been uniform for at least 10 years. 


Received for publication Oct. 19, 1934; issued June 1935. Contribution no. 205 of the Massachu- 
setts Agricultural Experiment Station 
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determinations under the direction of H. D. Haskin§, chief chemist of the fertilizer control laboratory of this 
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The species chosen for the investigation were: 
Canada bluegrass (Poa compressa L.). 
Kentucky bluegrass (Poa pratensis L.). 
Orchard grass (Dactylis glomerata L.). 
Redtop (Agrostis alba L.). 
Rhode Island bent (Agrostis capillaris L.). 
Timothy (Phleum pratense L.). 
Sheep fescue (Festuca ovina L.). 
White Dutch clover (Trifolium repens L.). 

The series was replicated once, making a total of 16 plots. Each 
plot was 3's feet wide by 62 feet long, and had an area of approximately 
one two-hundredth of an acre. Paths 1 foot wide were maintained 
between the plots with a border 3 feet wide on the margins of the 
tract. Fertilizer was not applied, as it was desired to ascertain first 
the composition of the various species grown without fertilizer othe: 
than that residual in the soil. The plots were seeded in the late 
summer of 1930 without a nurse crop, and kept free from weeds by 
hand work. <A reasonable degree of success was attained in keeping 
the individual species pure. The attempt to secure a pure stand ol 
Canada bluegrass was reluctantly abandoned after three reseedings; 
competition from other species invariably crowded it out. 

Sampling of the plots was done by means of a lawn mower with 
grass catcher attached. One swath of the mower the entire length 
of each of the duplicate plots usually provided a sufficient sample; 
in any case an identical area of the duplicates was always sampled. 
Occasionally, where patches of other species or of weeds had crept 
in, the sampling was done by the quadrat method, so that such 
areas could be avoided. The samples were taken whenever the grass 
reached a height of 3 to 4 inches, so that time intervals between sam- 
plings varied with species and season of the year. Whenever pos- 
sible a minimum of one sample a month from each species was taken 
for detailed analysis in each of the 5 months from May through Sep- 
tember. Wherever rate of growth necessitated taking more than one 
sample a month, yield and moisture content only were determined 
on the additional samples. The entire plot was always mowed im- 
mediately after sampling. 

Samples were brought to the laboratory and weighed immediately 
after cutting. After suitable portions had been weighed out for mois- 
ture determination, the bulk of the sample was air-dried, then oven- 
dried at 60° to 70° C., ground in a Wiley mill, and bottled for analysis. 
The determinations made were moisture, total nitrogen, crude fiber, 
ether extract, total ash, acid-soluble ash, calcium, phosphorus, mag- 
nesium, and potassium. All analyses excepting those for calcium, 
phosphorus, and magnesium were made according to the official meth- 
ods of the Association of Official Agricultural Chemists. Calcium 
and magnesium were determined by a modification of MeCrudden’s ‘ 
method, and phosphorus by the colorimetric method of Fiske and 
Subbarow.’ 

ASSOCIATION OF OFFICIAL AGRICULTURAL CHEMISTS. See footnote 2, table | 

*McCruppEN, F. H. THE QUANTITATIVE SEPARATION OF CALCIUM AND MAGNESIUM IN PRESENCE OF 
PHOSPHATES AND SMALL AMOUNTS OF IKON DEVISED ESPECIALLY FOR THE ANALYSIS OF FOODS, URINE, AND 
Feces. Jour. Biol. Chem. 7: 83-100. 1910 


Fiske, C. H., and SUBBAROW, Y. THE COLORIMETRIC DETERMINATION OF PHOSPHORUS. Jour. Biol 
Chem. 66: 387-389. 1925 
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RAINFALL AND TEMPERATURE 


A summary of weather conditions during the growing seasons of 
1931, 1932, and 1933 appears in table 2. 


TaBLE 2.—Rainfall and temperature at Amherst, Mass., during the growing seasons 
of 1931-33 





Rainfall Temperature 

Year ~ = ~ 

7 & 7 

= . 3 a & = s 

~ ~ = - bo = & re ~ 2 > oi 

= = = = =< % < = = = = 

In In In In In In I I I > FF. 

1931 2.95 | 7.44 | 4.24 | 3.87 | 6. 57 2.50 | 46.7 | 58.1 | 66.7 | 73.1 | 69.6 64.8 
1932 2.33 | 1.67 | 2.62 | 3.83 | 2.67 3.96 | 44.4 | 57.9 | 62.9 | 68.9 | 70.5 | 62.5 
1933 5.03 | 1.69 | 3.68 | 2.25 | 6.63 (112.34 | 45.3 | 60.5 | 68.3 | 72.3 | 69.3 62.7 
Average 3.44 | 3.60 | 3.51 | 3.32 | 5.29 3.23 | 45.5 | 58.8 | 66.0 | 71.4 | 69.8 63.3 
Normal (40-year average 3.27 | 3.63 | 3.54 | 4.33 | 4.24 3.79 | 45.8 | 56.8 | 65.4 | 70.6 | 68.4 61.6 


Not included in the average because the small number of samples taken in September 1933 were taken 
early in the month, before these abnormally heavy rains fell 


Except for the month of April the average temperature in all three 
seasons was consistently above the 40-year normal established for 
Amherst. Rainfall varied within wide limits, but was consistently 
below normal in July of all 3 years, which was compensated some- 
what by copious rains in August of 1931 and 1933. 


PRESENTATION AND DISCUSSION OF RESULTS 


Summarized results of the yield and composition of the various 
grasses appear in table 3. 


TaBLeE 3.—Summary of results of yields and analyses of the various grass species, 
seasons of 1931-33 


Analyses on a dry-matter basis 
Rela- | Mois- 


’ tive ture 
Ssam- 


Species of grass : yield jinthe| .. a Acid- >~hos-| Mag-| Po- 
ples | of dry | fresh | Ni |crude|Ethet|-potai| sotu- | Cal- | Pbos-| Mag-| Po 

matter '| grass | '®- | fiber |,€%",| ash | ble {cium |Phor-| ne- | tas- 

gen tract; ™ sh us (sium | sium 

Num- Per- | Per- | Per- | Per- | Per- | Per- | Per- | Por- | Per- | Per- 


her Pounds cent cent | cent | cent cent cent e’nt | cent | cent cen 





Kentucky bluegrass TT 92| 68.59) 2.32) 25.31) 3.37) 9.82) 5.56) 0.49) 0.38) 0.18) 2.13 
Orchard grass 14 99) 75.73) 2.66) 23.77) 4.67) 12.99) 9. 27 60 68 28) 3.51 
Redtop 12 2. 49) 23.32) 4.10) 10.79) 6.99 62 35 21, 2.62 
Rhode Island bent 15 2.50) 22.62) 3.60! 10.36) 6.32 75 38 19; 2.23 
Sheep fescue 15 100) 65.26) 2.09) 28.98) 3.19) 8.39) 4.93 48 33 15; 1.92 
Timothy 12 91) 71.68) 2.34) 21.23) 3.96) 8.74) 6.16 50 36 15} 2.44 
White Dutch clover 11 140) 83. 21 4.46) 14.82) 3.14 11.65, 10.15) 1.61 45 23; 2.24 


Average of all 7 species=100; expressed in this way because actual yields would be of no significance. 
In cartain months of the several seasons, due to the necessity of resee ling, stands of some of the species 
were either nonexistent or else so recently established that the growth was insufficient to sample 
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Considerable differences are noted in the composition of the 
several species. Taking the various components in the order in 
which they appear in table 3, the following points are worthy of 
mention: 

(1) The harsh, wiry texture of sheep fescue is reflected in the 
lowest moisture content of the group. 

(2) There was a close correlation between the nitrogen content of 
the dry matter and the moisture content of the fresh grass, the ratio 
for all six grasses being in the neighborhood of 1:30. Unpublished 
work by the authors and results of other investigators have shown 
that most of the nitrogen is in the form of true protein. 

It will be noted that the nitrogen content of Kentucky bluegrass 
is somewhat lower, both in actual amount and relative to the other 
grasses studied, than has been generally reported in the literature. 
Since this relatively low nitrogen content. occurred in 7 of the 10 
samples of bluegrass some other explanation than the possibility of 
analytical error must be sought. 

It may be that the soil in question is not a type on which bluegrass 
thrives well. It has been observed in the course of the work that it 
was harder to obtain a good stand of bluegrass than of some of the 
other grasses, and that the bluegrass plots never looked as thrifty 
as did the majority of the others. It is also possible that the blue- 
grass did not utilize the residual nitrogen of the unfertilized soil as 
well as some of the other species were able to; that it is at its best 
when the level of fertility is relatively high. This suggestion is 
borne out by data from these same plots for the year 1934. An 
8-6-6 fertilizer was applied in the spring of 1934 at the rate of 500 
pounds per acre, with the result that the blue grass samples for that 
year showed a much higher nitrogen content than for the 3 years 
here reported, the average being 3.51 percent as contrasted with 
2.32 percent. This very considerable increase, for the time being, 
places the bluegrass second on the list in nitrogen content as an 
apparent result of fertilizer application. 

(3) It is of interest to note the correlation between the percentage 
of crude fiber and the toughness of the grass as determined by break- 
ing strength. Beaumont, Stitt, and Snell ° of this station report the 
following breaking strengths for some common grasses expressed 
in grams per millimeter of perimeter (average of 50 determinations): 
Timothy, 58.6; redtop, 52.9; Kentucky bluegrass, 92.6; and red 
fescue, 147.9. 

Except that the timothy had a slightly higher breaking strength 
than the redtop, these results correlate closely with the amounts of 
crude fiber reported above. Beaumont concludes that “other factors 
being favorable, toughness may be a deciding factor in palatability.” 

(4) The low value for ether extract in white clover is believed to 
be due to a lower content of wax in this species. Chibnall et al.” have 
shown that orchard grass has a wax content of 1.20 percent of the 
dry matter, while the wax content of alfalfa is only 0.35 percent 
on the same basis. It seems reasonable to assume, therefore, that 

® Beaumont, A. B., Stitt, R. E., and SNELL, R. S., SOME FACTORS AFFECTING THE PALATABILITY OF 
PASTURE PLANTS, Jour. Amer. Soc. Agron. 25° 123-128. 1932 

’ POLLARD, A., CHIBNALL, A. C., and Piper, 8. H. THE WAX CONSTITUENTS OF FORAGE GRASSES. | 
COCKSFOOT AND PERENNIAL RYEGRASS. Biochem. Jour. 25: 2111-2122. 1931 


CHIBNALL, A. C., WILLIAMS, E. F., LATNER, A. L., and Pirer,S.H. THE ISOLATION OF N-TRIACONTANOI 
FROM LUCERNE WAX. Biochem. Jour. 27: 1885-1888. 1933 
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legumes as a class contain less wax than do grasses, an assumption 
borne out by superficial observation. Orchard grass, which Chibnall 
found to contain a relatively large amount of wax, had the highest 
content of ether extract in the present experiments. 

(5) The acid-soluble ash of white clover constituted over 87 percent 
of the total ash, a proportion much higher than for any of the grasses. 
Orchard grass was the highest of the grasses in proportion of soluble 
ash in the total ash (over 71 percent), although timothy was close to 
it (70.5 percent). Some of the total ash was probably extraneous 
silica, due to adherent dust on samples taken in dry times or to spat- 
tering of soil onto the leaves during heavy rains; but since the clover 
with its pubescent leaves had an equal opportunity with the rest to 
become so contaminated,-and yet showed such a high percentage of 
soluble ash in the total, it is believed that the amount of such extra- 
neous material was relatively small in any case. 

(6) True to its legume characteristics, the white clover had a very 
high content of calctum. Of the grasses the two members of the 
bent family, redtop and Rhode Island bent, were the highest, the 
latter outstandingly so. The ratio of caletum to phosphorus in these 
two (1.8:1 and 2.9:i, respectively) is wellnigh ideal from a nutritionai 
standpoint. In this respect the white clover is probably too high 
(3.6:1), while the orchard grass is low (0.9:1)—another good reason 
for a mixture of grasses and legumes if optimum grazing conditions 
are to be approximated. Sheep fescue, Kentucky bluegrass, and 
timothy were all in the same class as regards both calcium content 
and the calcium-phosphorus ratio. 

(7) The outstanding feature of the values for phosphorus was the 
high content of it in orchard grass. This high value was consistent 
through all three seasons, except at the beginning of each season, 
when the value was just as consistently low. It is associated with 
relatively high average values for most of the other constituents 
determined. The form in which this unusual amount of phosphorus 
exists in the plant and its significance from a nutritional standpoint 
would be an interesting subject for investigation. 

(8) The values for magnesium were quite uniformly distributed 
through a range from 0.29 percent in orchard grass to 0.15 percent 
in timothy and sheep fescue. 

(9) Orchard grass was much higher in potassium than any of the 
others, the clover occupying an intermediate position, while the 
fescue was at the foot again. 


SUMMARY 


Considering the results as a whole, the outstanding features of the 
investigation are the high rank of white Dutch clover in almost every 
respect; the high soluble ash and phosphorus content of orchard grass; 
the high calcium content of Rhode Island bent; the low rank of sheep 
fescue in every respect except yield; and the rather low rank of 
Kentucky bluegrass. 


